Mathematical modeling of A solar STILL by Ghanim, Fatima Mohammed
I 
 
University of Khartoum 
Faculty of Engineering  
Department of Mechanical Engineering 
 
Mathematical modeling of  
A solar STILL  
 
 
A thesis submitted in partial fulfillment of the requirements 
for the degree of M.Sc. in Energy Engineering 
 
 
 
   Prepared by: 
                  Fatima Mohammed Ghanim 
  Supervised by: 
                                              Dr. Ali Omer Ahmed 
 
 
March 2008 
II 
 
DEDICATION 
 
 
To my father, 
To my affectionate mother, 
I am greatly indebted to them. 
To my brothers and sisters, 
To my colleagues and teachers. 
 
 
 
 
 
 
 
 
 
III 
 
 
 
ACKNOWLEDGEMENTS 
 
 
      First of all thanks to the God, for all the graces.  
 I would like to express my sincere thanks, gratitude's and indebtedness to my 
Supervisor Dr. Ali Omer Ahmed for his close guidance, valuable comments and 
continuous encouragement during the course of the study.                        
      Finally, I have to thank all those who assisted in a way or another to 
accomplish this study. 
 
 
 
 
 
 
 
 
 
IV 
 
 
 
Abstract  
   The world demand for potable water is increasing steadily with growing 
population. Desalination using solar energy is suitable for potable water 
production from brackish and seawater. In this work a theoretical study 
has been presented for single basin solar stills. 
A mathematical modeling has been carried out aided by some basic and 
simplified hypotheses, according to overall thermal balances and 
appropriate heat and mass coefficients, while taking into consideration a 
stagnant area in the solar still. A computer model has been developed to 
predict the performance of the solar stills. 
In this study an attempt has been made to review, in brief, work on solar 
distillation, its present status in the world today and its future perspective. 
The review also includes water demand, availability of potable water and 
purification methods including the state of art and historical background. 
The classification of distillation units has been done on the basis of 
literature survey till today.  
Results issued from this study show clearly the importance of a cooled 
condensation surface and a hotter evaporation surface. 
Economic analysis for the system can be studied. Performance and 
recommendations for future have been discussed in brief. 
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  ﺺﻠﺨﺴﺘاﻟﻤ
 وﻧﺴﺒﺔ ﻟﻨﺪرة اﻟﻤﻴﺎﻩ  ﻣﻦ اﻟﻤﻌﻠﻮم ان اﻟﻄﻠﺐ اﻟﻌﺎﻟﻤﻲ ﻟﻤﻴﺎﻩ اﻟﺸﺮب ﻳﺰداد ﻣﻊ زﻳﺎدة اﻟﺴﻜﺎن   
اﻟﻌﺬﺑﺔ ﻓﺎن ﺗﺤﻠﻴﺔ اﻟﻤﻴﺎﻩ اﻟﻤﺎﻟﺤﺔ اﺻﺒﺤﺖ ﻣﻦ اهﻢ اﻟﻄﺮق ﻟﻠﺤﺼﻮل ﻋﻠﻲ ﻣﻴﺎﻩ اﻟﺸﺮب واﻓﻀﻞ 
ﻃﺎﻗﺔ ﺗﺴﺘﺨﺪم ﻓﻲ هﺬﻩ اﻟﻌﻤﻠﻴﺔ هﻲ اﻟﻄﺎﻗﺔ اﻟﺸﻤﺴﻴﺔ وذﻟﻚ ﻟﺘﻮﻓﺮهﺎ وﻟﻘﻠﺔ ﺗﻜﻠﻔﺘﻬﺎ ﻣﻘﺎرﻧﺔ ﺑﺎﻟﻄﺎﻗﺎت 
                                                                                             .اﻻﺧﺮي
 ﺑﺎﺳﺘﺨﺪام ﺟﻬﺎزﺑﺎﻟﻄﺎﻗﺔ اﻟﺸﻤﺴﻴﺔ اﻟﻤﻴﺎﻩ ﺗﻘﻄﻴﺮ ﻣﺖ دراﺳﺔ ﻧﻈﺮﻳﺔ ﻟﻌﻤﻠﻴﺔ ﻓﻲ هﺬا اﻟﺒﺤﺚ ﻗَﺪ
   .(llits ralos nisab elgniS)
اﻷﺳﺎﺳﻴﺔ  ﻋﻠﻲ ﺑﻌﺾ اﻻﻓﺘﺮاﺿﺎت م أﻳﻀﺎ ﻧﻤﻮذج رﻳﺎﺿﻲ ﻟﻴﻮﺿﺢ ﺳﻠﻮك اﻟﺠﻬﺎز ﻣﺒﻨﻴًﺎو ﻗَﺪ
ﺧﺬ ﻓﻲ ﺔ وﻣﻌﺎﻣﻼت إﻧﺘﻘﺎل اﻟﺤﺮارة واﻟﻜﺘﻠﺔ ﻣﻊ اﻷاﻟﻤﺘﻌﻠﻘﺔ ﺑﺎﻹﺗﺰان اﻟﺤﺮاري اﻟﻜﻠﻲ ﻟﻠﻤﻨﻈﻮﻣ
وﻣﻦ ﺛﻢ ﺗﻢ ﺣﻞ هﺬا اﻟﻨﻤﻮذج ﺑﻮاﺳﻄﺔ ﺑﺮﻧﺎﻣﺞ ﺣﺎﺳﻮب ﺑﺎﺳﺘﺨﺪام ، ﻋﺘﺒﺎر ﺛﺒﺎت ﻣﺴﺎﺣﺔ اﻟﺠﻬﺎزاﻹ
  .ﻟﻐﺔ ﻣﺎﺗﻼب ﻟﻴﺘﻨﺒﺄ ﺑﺂداء اﻟﺠﻬﺎز 
ﻤﺴﻴﺔ ﺸﺧﺘﺼﺎر اﻟﻲ اﻟﺪراﺳﺎت اﻟﺘﻲ ﺗﻤﺖ ﻓﻲ ﻣﺠﺎل ﺗﻘﻄﻴﺮ اﻟﻤﻴﺎﻩ ﺑﺎﻟﻄﺎﻗﺔ اﻟﺈﺗﻄﺮق هﺬا اﻟﺒﺤﺚ ﺑ
زﻳﺎدة اﻟﻄﻠﺐ ﻟﻠﻤﻴﺎﻩ اﻟﺪراﺳﺔ ﺗﻨﺎوﻟﺖ وآﺬﻟﻚ ، ﻄﻮرهﺎ واﻟﻨﻈﺮة اﻟﻤﺴﺘﻘﺒﻠﻴﺔ ﻟﻬﺎ ﻓﻲ اﻟﻌﺎﻟﻢ و ﺗ
  .آﻤﺎ ﺗﻢ ﺗﺼﻨﻴﻒ وﺣﺪات اﻟﺘﻘﻄﻴﺮ .ﺗﻨﻘﻴﺘﻬﺎ وﻃﺮق هﺎهﻤﻴﺔ ﺗﻮﻓﺮاﻟﺼﺎﻟﺤﺔ ﻟﻠﺸﺮب ، أ
اﻟﻨﺘﺎﺋﺞ اﻟﻤﺴﺘﺨﻠﺼﺔ ﻣﻦ اﻟﺪراﺳﺔ اوﺿﺤﺖ اهﻤﻴﺔ زﻳﺎدة اﻟﻔﺮق ﻓﻲ درﺟﺎت اﻟﺤﺮارة ﺑﻴﻦ ﺳﻄﺤﻲ 
  .اﻟﺠﻬﺎزاﻟﺘﺒﺨﻴﺮ واﻟﺘﻜﺜﻴﻒ و ذﻟﻚ ﻟﺘﺤﺴﻴﻦ ﺁداء 
  .واﻟﺘﻮﺻﻴﺎت ﻟﻠﻤﺴﺘﻘﺒﻞ ﻧﻮﻗﺸﺖ ﺑﺎﺧﺘﺼﺎر، ﺗﻤﺖ دراﺳﺔ اﻟﺘﺤﻠﻴﻞ اﻻﻗﺘﺼﺎدي ﻟﻠﻤﻨﻈﻮﻣﺔ
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Chapter one 
INTRODUCTION 
1.1 Introduction 
 More than two-third of the earth's surface is covered with water. Most of 
the available water is either present as seawater or icebergs in the Polar 
Regions. More than 97% of the earth's water is salty; rest around 2.6% is 
fresh water. Less than 1% fresh water is within human reach.  
 Even this small fraction is believed to be adequate to support life and 
vegetation on earth. Nature itself provides most of the required fresh 
water, through hydrological cycle. A very large-scale process of solar 
distillation naturally produces fresh water. The essential features of this 
process are thus summarized as the production of vapours above the 
surface of the liquids, the transport of vapours by winds, the cooling of 
airvapour mixture, condensation and precipitation. This natural process 
is copied on a small scale in basin type solar stills.[Bendfeld, J., Broker 
and Carvallo, P.C.M., 1998]. 
The availability of potable water is a main problem for the communities 
who will be living in arid new regions or especially for people in remote 
region (i.e. deserts). These regions are recognized by a high intensity of 
solar radiation, which makes the direct use of solar energy represents a 
promising option for these communities to reduce the major operating 
cost for pumping drinking water, such as wind pumping systems. The 
solar energy can be utilized to obtain drinkable water from salty or 
brackish water through the use of solar still to capture the evaporated (or 
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distilled) water by condensing it onto a cool surface (slope), and the 
output will be clean water. 
As the available fresh water is fixed on earth and its demand is 
increasing day by day due to increasing population and rapidly 
increasing of industry, hence there is an essential and earnest need to get 
fresh water from the saline/brackish water present on or inside the 
earth.[J.A. Duffie and W.A.Beckman, 1991].  
Besides the problem of water shortage, process energy constitutes 
another problem area. Desalination processes require significant amount 
of energy. It was estimated that the production of 1 million m3/day 
requires 10 million tons of oil per year. Due to high cost of conventional 
energy sources, which are also environmentally harmful, renewable 
energy sources (particularly solar energy) have gained more attraction 
since their use in desalination plants will save conventional energy for 
other applications, reduce environmental pollution and provide free, 
continuous, and low maintenance energy source[Kalogirous, S., 1997].  
The use of solar distillation has been practiced for a long time, and it 
gained more attraction after the First World War. Solar desalination is 
suitable for remote, arid and semi-arid areas, where drinking water 
shortage is a major problem and solar radiation is high. The limitations 
of solar energy utilization for desalination are the high initial cost for 
renewable energy devices and intermittent nature of the sun. Due to 
these limitations the present capacity of solar desalination systems 
worldwide is about 0.01% of the existing large-scale conventional 
desalination plants. So, efforts must be made to develop technologies, 
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which will collect and use renewable energy more efficiently and cost 
effectively to provide clean drinking water besides developing 
technologies to store this energy to use it whenever it is 
unavailable[Delyannis, E. and Belessiotis, V., 2001].  
      The combination of solar energy with desalination processes can be 
classified into two main categories: 100% solar driven desalination plants 
or partial solar powered desalination plants. Solar plants could be 
designed to operate in a fully automatic fashion in the sense that when 
the sun rises, heat collection process is initiated automatically by a sensor 
measuring the solar radiation. 
1.2 Objectives of the study 
The experimental investigation for the performance of most engineering 
devices required more time, finance, and effort to accomplish the duty. 
The result of the above, the engineering create other methods to avoid 
the experimental techniques. Hence, 
The objectives of the present work are to: 
 1. Develop a theoretical model for the concept to simulate the 
performance of the unit. (Conduct a theoretical model of the solar 
still under consideration to describe the energy balances for the glass 
cover, black plate at the bottom and overall still and also to find still 
productivity). 
  2. Develop a simplified method to calculate hourly output. 
        3. Conduct an economic analysis of the system.  
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1.3 Scope of Work  
Theoretical study was conducted to study the previous-described 
concept and develop a system based on this concept. The following tasks 
were performed:  
1. A thermodynamic analysis of the behavior of different solar-still 
components as well as parameters having an effect on the solar-still 
performance: the cover (through its nature, its transmittance, its 
wetness and its inclination degree), the black plane, the space 
between the brine and the cover, the brine thickness, the brine 
temperature, the wind velocity, the ambient temperature and the 
salt concentration. 
2. A mathematical model was developed that can be used in 
evaluating the performance of the system, by solving the coupled 
set of equations from the thermodynamic model.  
3. And also to study the main solar-still characteristics, through its 
global and internal efficiency. In our case, we have selected asimple 
basin solar still with a simple green-house effect, for its quality like 
simple design, and high daily output. 
4. Economic analysis  of the proposed system.  
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Chapter two 
Literature review 
2.1 Desalination process 
 Desalination is aprocess that removes dissolved mineral (including but 
not limited to salt) from feedwater sources such as seawater, brackish 
water or treated wastewater. 
Different types of water desalination processes have been developed. 
These can be classified into the following two categories [Kalogirous, S., 
(1997)].  
? Phase Change or Thermal Processes 
? Single Phase or Membrane Processes 
2.1.1 Phase Change or Thermal Processes  
 Thermal energy sources, such as fossil fuels, nuclear energy or solar 
energy may be used to evaporate water, which is condensed to provide 
fresh water. The phase change desalination processes described here 
include multi-stage flash, multi-effect boiling, vapor compression, and 
freezing processes. 
2.1.1.1 Multi-stage flash (MSF) process  
The process consists of many stages; in each stage the steam produced in 
the previous stage condenses and simultaneously preheats the feed 
water. Thus, the temperature difference between the hot source and 
seawater is fractionated into a number of stages. Therefore, the system 
approaches ideal total latent heat recovery. The operation of such a 
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system requires pressure gradients in different stages; i.e. stages should 
be at successively lower pressures. Figure (2.1) shows a schematic 
diagram of such a system. Seawater, preheated in various stages, enters 
the solar collector, where it is heated to nearly saturation temperature at 
the maximum system pressure. As the water enters the first stage 
through an orifice, its pressure is reduced, thus becomes superheated 
and flashes into steam. The steam produced passes through a demister to 
remove any suspended brine droplets, then to a heat exchanger where it 
condenses. This process is repeated through the various stages.  
Application of technology 
 The MSF process is energy intensitive due to the requirement to boil the 
feedwater, although energy efficiency is substantially enhanced via the 
heat recovery process. The advantages of MSF lie in their ability to be 
constructed in large capacities, their reliability over a potentially long 
operating life, and the design and the operational experience in operating 
these units that has been accumulated over many years. A further 
advantage lies in the fact that boiling does not occur on a hot tube 
surface, as it flashes instead, thereby reducing the incidence of scaling. 
Their disadvantages come in the form of large capital investment due to 
the extensive used of high quality of stainless steel and alloys required to 
prevent corrosion. Following on from this, due to the high temperature 
required for the flash process, severe corrosion problems can occur, 
particularly if the feedwater required acid dosing or if carbon dioxide 
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concentrations are high within the cells due to inadequate degassing of 
the feedwater.  
 Further disadvantages include substantial logistical difficulties involved 
with plant construction and start-up, the inflexibility to operate the plant 
below 70-80% of design capacity, the need for and difficulty in designing 
and constructing a highly efficient plant, and the necessity for pumping, 
treating and heating large quantities of feedwater relative to product due 
to low process recoveries. In areas where disposal is a potential problem, 
processes such as MSF that create large quantities of brine, are often 
considered inappropriate. 
2.1.1.2 Multi-effect distillation (MED) process  
 The process consists of a number of elements, called effects. The steam 
from one effect passes through the next one, where it condenses and 
causes evaporation of a part of the seawater. This process requires that 
the heated effect be kept at a pressure lower than that of the effect from 
which the steam originated. Figure (2.2) shows a schematic diagram of 
such a system. In this system the feed water passes through heat 
exchangers for preheat, then instead of entering solar collector or heater, 
it enters the top of the first effect, where the heating steam raises its 
temperature to the saturation temperature for the effect pressure, and 
then another amount of steam from the solar collector is used to produce 
evaporation. The produced vapor is used in part to heat the incoming 
water and in part, to provide heat to the next effect. Also the sensible 
heat of condensation is used to preheat the feed water. This process 
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usually operates on a once through system without much of circulation 
of the brine through the system, thus reducing pumping power and scale 
formation. 
Application of technology 
 The essential difference between MED and MSF is that flashing of the 
steam plays only in miner role in the process, and that the condensing 
steam evaporates seawater via the heat transfer surface in each cell, or 
effect. Therefore, in a MED system, steam produced then passes to the 
next, lower temperature, effect where it condenses; evaporating more 
seawater and the process is repeated in each subsequent effect. Thus, due 
to the lower specific power consumption is approximately have that 
required for the MSF process. 
Another benefit of the MED process is in the event of a leaky tube wall 
occurring, the vapour would tend to leak into the brine chamber, thereby 
avoiding contamination of the product water. 
 Also, the number of effects required for MED plants is generally not 
more than 10, compared to the larger MSF plants where typically 20to40 
stages are required before it is considered a cost-effective option (Bouros, 
2000). As a result, MED plants are considerably smaller in physical size 
than MSF. Following on from this, the major advantage of the MED 
process is its ability to produce significantly higher performance ratios 
than the MSF process. This is a significant factor to consider in 
environmentally sensitive areas and/or where brine disposal is an issue.     
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The advantages of using MED distillation for desalination are: 
? The pre-treatment requirements of the feedwater are minimal. 
? Product water of a high quality. 
? MED plants are very reliable even without a strict adherence to 
maintenance. 
? The plant can be combined with other processes, e.g., using the 
heat energy recovered from a power plant. 
? The plant can handle normal levels of biological or suspended 
matter. 
? The requirements for operating staff minimal. 
  The disadvantages of using MED distillation for desalination are: 
? The cost to build and operate-energy consumption is particularly 
high. 
? The product water is at an elevated temperature and can require 
cooling before it can be used as potable water. 
? The plant can be susceptible to corrosion. This can usually be 
controlled by the choice of material.  
? The recovery ratio is low, although not as low for MSF. 
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            Figure 2.1 Schematic diagram of multistage process, adapted from Kalogirou (1997) 
 
           
 
   Figure 2.2 Schematic diagram of multi-effect distillation process, adapted from 
Kalogirou (1997) 
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2.1.1.3 Vapor compression (VC) process 
When vapor is compressed, its temperature and pressure increase. Vapor 
compression distillation process is based on this concept. In this process, 
the feed is heated, usually by steam, and a part of it is vaporized. The 
produced vapor, as shown in fig. 2.3, is compressed using a mechanical 
compressor or by mixing with small amounts of high pressure steam 
(thermal compression) and returned through a tube to the chamber, 
where it condenses and gives its latent heat of condensation to the feed, 
thus causing a part of it to evaporate and the produced vapor is 
compressed again and the process continues. In mechanical compression, 
which is the most common one, a separate source of steam is required 
only for start up, and then the process converts mechanical energy to 
produce its own heat and thus eliminates the need for a large steam 
generator. The process usually consists of 1-3 stages. 
 Application of technology 
VCD units are usually built in the 20to 8,000 kl/day range, and are often 
used for resorts, industries, drilling sites, where fresh water is not readily 
available. The VC process benefits from low energy demands mainly in 
the form of mechanical energy to drive a compressor rather than the 
large amounts of high grade thermal energy required with the MSF and 
MED process. 
Furthermore, with the low temperature VC distillation process, using a 
high capacity compressor, operating temperatures of below 70oC is 
possible, thus reducing the potential of scale and corrosion. In 
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comparison with thermal desalination plants, no cooling water is 
required, resulting in smaller intake and pumping systems, and lower 
energy requirements, with no need fore heat rejection section. 
The main disadvantage with these unit is that starting the plants can be a 
problem-usually an auxiliary heater must be fitted to raise the feed 
temperature so that some vapour is available before the compressor can 
take over. 
Advantages and disadvantages 
 In summary, the advantages of using vapour compression distillation 
for desalination are: 
? The plant is very compact and can be designed to be portable. 
? Minimal pre –treatment is required. 
? The capital cost of the plant is reasonable and operation is simple. 
? The recovery ratio is good. 
? The product water is of high quality. 
? The energy requirements are relatively low, although not as low as 
RO. 
The disadvantages of using vapour compression distillation for 
desalination are: 
? Starting up the plant is difficult. An auxiliary heater is normally 
required to get the temperature of the feed water up to a point 
where some vapour is formed. After this the compressor can take 
over. 
? It requires large, expensive steam compressors, which are not 
readily available. 
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                                  Figure 2.3 Schematic diagram of a vapor compression process, 
adapted from Department of Water Resources  
 2.1.1.4 Freezing process 
The principle of operation is that as the salt water is cooled, ice crystals 
are formed which are salt free. Cooled seawater enters a freezing 
chamber (fig. 2.4) to form ice and a small amount of water vapor. Ice and 
the brine are then transported to a separation chamber, where the ice 
crystals are washed from the salts and moved to the melting chamber. 
The water vapor produced in the freezing chamber is compressed and 
supplied to the melting chamber, causing the ice to melt while the vapor 
itself condenses, forming a part of the product. The main advantage of 
this process is that it operates at very low temperatures that greatly 
reduce scale and corrosion problems.  
The main limitation of this process is that it involves handling ice and 
water mixtures that are mechanically complex to move and process. The 
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freeze desalination process also has high energy requirements  and 
therefore costy, however it is capable of removing all harmful 
constituents that may be present, thus making it more suitable for the 
industrial wastes industry rather than purely for the production of 
municipal water. 
 
 
 
            Figure 2.4 Schematic diagram of freezing process , adapted from Department of Water 
Resources  
 
 
 
15 
 
2.1.2 Single Phase or Membrane Processes  
Processes that need electricity or mechanical power for desalination 
include:  
2.1.2.1 Reverse osmosis (RO) process  
When fresh water and seawater are separated into compartments by 
a semi permeable membrane, as shown in figure 2.5, fresh water will 
pass through the membrane by osmosis. If pressure is exerted on the 
saline solution, the osmosis process may be reversed. When the pressure 
on the saline water exceeds the natural osmotic pressure, fresh water 
from the saline solution will pass through the membrane to the fresh 
water side, leaving the salts in the concentrated brine. The higher the salt 
concentration in the feed water the higher the pressure required. As 
pressure increases, a stronger membrane will be required to prevent the 
passage of salts. Reverse osmosis is best for brackish water. 
Application of technology 
Most operational problems occur in RO plants because materials have 
deposited on the membrane surface or in the membrane elements, 
preventing the membranes from functioning efficiently. Other problems 
occur due to mechanical failures, and poor operation. 
Hence the main problems associated with reverse osmosis plants are 
associated with membrane fouling issues and the working life of the 
semi-permeable membranes. Correct pretreatment of the raw feedwater 
is essential to avoid fouling and maintain desalted water output over the 
membrane lifetime, significant fouling can reduce the product water 
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flux considerably. Mechanical failures can occur due to the high 
pressure needed for the transport of water across the membranes, the 
piping, supports, machinery etc, which can therefore be subjected to 
water mechanical stresses such as high pressure and vibration. 
 The advantages of using the RO system for desalination are: 
• They are quick and cheap to built and simple to operate. There are 
few components durable plastic and non-metal materials are 
mainly used –pre-treatment of the feedwater to prevent 
fouling of the membrane is the only potential problem. 
• It can handle a large flow rates, from a few liters per day to 
750,000l/day for brackish water and 400,000l/day for 
seawater. 
• It has a high space/production capacity ratio. 
• Energy consumption is low. 
• It can remove other contaminants in the water as well as the salt. 
• The use of chemicals for cleaning purposes is low. 
• There is no need to shut down the entire plant for scheduled 
maintenance due to the modular design of the plant. The startup 
and shutdown of the plant do not take long. 
The disadvantages of using the RO system for desalination are: 
• RO membranes are expensive and have a life expectancy of 2-5 
years. 
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• If the plant uses seawater there can be interruption to the service 
during stormy weather. This can cause resuspension of particles, 
which increases the amount of suspended solids in the water. 
• There is requirement for a high quality standard of materials and 
equipment for the operation of the plant. 
• It is necessary to maintain an extensive spare parts inventory. 
• There is a possibility of bacterial contamination. This would be 
retained in the brine stream, but bacterial growth on the 
membrane itself can cause the introduction of tastes and odours in 
to product water. 
• The plant operates at high pressures and sometimes there are 
problems with mechanical failure of equipment due to high 
pressures used.  
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            Figure 2.5 Schematic diagram of reverse osmosis process, adapted from Department 
of Water Resources  
 
2.1.2.2 Electrodialysis process  
The principle of this process is reducing the salinity of seawater by 
transferring ions from the seawater, through a membrane, under the 
influence of electrical potential difference. This process combines the use 
of an electrically charged cell and an ion-selective semi permeable 
membrane to desalt saline water. Figure (2.6) shows a schematic diagram 
of such a process. Salts are present in saline water in the form of ions; 
positive charged ions are called cations, and negative charged ions are 
called anions. As mineralized water passes through an electrodialysis 
cell, cations will be attracted to the negative electrode and anions to the 
positive electrode. Cation permeable membranes permit passage of 
cations only, such as sodium and calcium. Anion permeable membranes 
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permit passage of anions only, such as chloride and sulfate. In practice, a 
large number of membranes are placed between the electrodes, forming 
a number of dilute (demineralized) and concentrate (brine) 
compartments.  
Application of technology 
The ED process is usually only suitable for brackish feedwaters 
with a salinity of up to 12,000mg/LTDS. With higher salinities the 
process rapidly becomes more costly than other desalination processes. 
This is because the consumption of power is directly proportional to the 
salinity of the water to be treated. As a rule of thumb, approximately 1 
KWh is required to extract 1 kg additional salt using ED. The major 
energy requirement of the process is the direct current used to separate 
the ionic substances in the membrane stake. 
A variety of operational problems can be experienced with 
electrodialysis facilities. The major ones being scaling and leaks. 
Scaling:  Scale formation will foul the membrane surface and block the 
passage in the stake. The result of this is that the slowly moving water 
then becomes highly desalted due to the longer period of exposure to 
the electromotive force. This highly desalted water has a low 
conductivity and offers a high resistance to current flow, thus 
decreasing the efficiency of the process. Some scale can be removed by 
introducing chemicals into the stacks in an attempt to dissolved or 
loosen the scaling so that it can be washed out, however in more severe 
cases the stack will need to be disassembled. 
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Leaks: Operating and/or maintenance problems can result from 
leaks in two parts of the electrodialysis stacked membranes and spacers, 
or through the membranes. 
Advantages and disadvantages: 
The advantages of using ED plants for desalination are: 
? They can produce a high recovery ratio (85-94%for one stage). 
? Can treat feedwater with a higher level of suspended solid. 
? Pre-treatment has a low chemical usage and does not need to be as 
precise. 
? The energy usage is proportional to the salts removed, instead of 
the volume of water being treated. 
? The membranes for EDR have a life expectancy of 7-10 years, which 
is longer than RO. 
? EDR membranes are not susceptible to bacterial attack or silica 
scaling. 
? Scaling can be controlled whilst the process is on-line, the 
membranes can also be manually cleaned. 
? Can be operated at low to moderate pressure. 
The disadvantages of using electrodialysis for desalination are: 
Periodic cleaning of the membranes with chemicals is required. 
? Leaks sometimes occur in the membrane stacks. 
? Bacteria, non-ionic substances and residual turbidity are not 
affected by the system and can therefore remain in the 
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product water and require further treatment before certain 
water quality standards are met.    
 
 
             
                  Figure 2.6 Schematic diagram of electrodialysis process, adapted from Department 
of Water Resources  
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 2.1.2.3 Ion exchange 
An ion exchanger is a porous bed of natural material or synthetic 
resins that have the ability to exchange ions in the resin with those in the 
mineralized waters that contact the bed. The beds, as shown in figure 
(2.7) are arranged in  series so that the mineralized water passes through 
the cation exchanger first then through the anion exchanger. In the cation 
exchanger, cations are taken from the mineralized water and hydrogen 
ion is put into the water. In the anion exchanger, anions are taken from 
the water and hydroxide ion is put into the water. Thus the compounds 
are removed from the saline water leaving fresh water, and hydrogen 
and hydroxide combine to give more fresh water. When the resins 
become saturated with ions, they lose their ability to remove ion and 
must be regenerated with an acid and a base to restore their ion-
exchange properties.  
 
 
         Figure 2.7 Schematic diagram of ion exchange process, adapted from Department of 
Water Resources  
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Conventional desalination units which have been studied previously , 
are suffered from certain drawbacks that have made them technically 
and economically unattractive for deployment on a large scale. These 
drawbacks are: 
? Complicated design.  
? There is requirement for a high quality standard of materials and 
equipment for the operation of the plant. 
? The cost to build and operate-energy consumption is particularly 
high. 
In order to overcome the previous  drawbacks,  a novel concept of using 
a solar energy as alternative source of energy. 
2.2 Solar Desalination Processes  
Solar energy may be used to supply the required energy for a 
desalination process either in the form of thermal energy or electricity. In 
either case, fresh water cost increases rapidly when the desalination plant 
does not consume the total energy delivered by the solar field; therefore 
for given fresh water demand the desalination plant must be designed to 
consume the total production of the solar field.  
Solar desalination processes may be classified into two categories: 
*Indirect Systems 
*Direct Systems 
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2.2.1 Indirect Systems  
The operating principle of such systems involves using two separate 
subsystems, a collector for solar energy conversion and a plant for using 
the collected energy to produce fresh water. The plant may be of any 
type described previously. There are many factors that influence the 
selection of solar collectors for desalination processes Hamed. O. 
A.,(1993) . Flat plate solar collectors are appropriate for low temperature 
processes; those processes involve the utilization of vacuum conditions, 
which are usually created with the help of vacuum pumps, steam 
ejectors or water jet ejectors. Evacuated tube collectors ensure some 
energy even on cloudy days, and their efficiency at high operating 
temperatures or low insolation is significantly better than flat plate 
collectors and hence give the highest operating times. Cylindrical 
tracking collectors can be more efficient than evacuated tube collectors, 
but have almost no output on cloudy days, besides they collect only a 
small fraction of the diffuse radiation. Parabolic concentrating collectors 
require very accurate two-axis tracking mechanisms and can produce 
temperatures more than 120 °C, which is higher than the temperature 
needed for solar desalination. For an optimum solar assisted desalination 
plant, the following parameters must be carefully considered for 
designing a system: maximum operating temperature of the system, type 
of solar collector, and means of transferring heat to the process, and the 
type of plant to be used.  
As some desalination processes can be operated by low-grade heat 
sources, conventional medium temperature solar collectors may be used 
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to operate them. But due to large amounts of low-grade heat required for 
the processes, the units require enormous fields of conventional solar 
collectors. Construction and operation of such fields are impractical 
taking into account the associated interconnection plumbing, thermal 
insulation, flow balance, maintenance, heat storage and pumping. A 
solar system which is suitable for such purposes is a solar pond (SP) 
which involves adequate heat storage, passive heat collection, and heat 
transfer at low pumping costs and also can be built and operated at low 
cost. The operating temperature of a solar pond can be varied in the 
range of 30-95 °C. A salt gradient solar pond consists of a thin upper 
convective layer, a mixed layer at the bottom to store the collected 
energy, and an insulation layer between the upper and bottom layers 
where convection is prevented by a stabilized density gradient. This 
allows the pond to act as a thermal trap. Desalination systems that can be 
driven by solar ponds include low temperature multi-effect distillation 
system, multistage flash distillation system, vapor compression 
distillation, and reverse osmosis. Since VC and RO desalting systems also 
need mechanical work, their operation with a solar pond requires that a 
part of the solar energy be converted to power (work), which can be very 
expensive. A solar pond is quite suitable to drive a low-temperature 
multi-effect desalination process for the following reasons: the 
temperature of the heat source supplied by the solar pond (60-75 °C) 
matches with that required for the low-temperature ME desalters 
operating at a top brine temperature of 50-60 °C and ME desalting 
system is very responsive to change in energy supply and operates stably 
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under varying heat supply conditions. Coupling the solar pond into 
desalination systems was found to be viable for desalination of seawater 
in an arid environment, and the performance of desalinator is 
satisfactory from a technical point of view, if the desalinator is made of 
materials that are resistive to corrosion caused by seawater.  
Some researchers have proposed the coupling of desalination processes 
to parabolic trough solar collectors. Rodriguez et al (1991). propose the 
use of parabolic trough collectors (with fresh water as the working fluid) 
as a direct steam generation (DSG) unit to drive a multi effect distillation 
system. They compared the cost of water produced from different 
seawater MED systems: solar powered MED plant (DSG parabolic 
troughs), solar-fossil fuel powered MED plant (oil based technology), 
and a MED plant driven by a conventional energy supply. The 
reasearchers concluded that the solar MED technology could be 
competitive with conventional MED.  
The use of evacuated tube collectors was studied by El-Nashar who 
presented the results of optimization of a MED plant utilizing solar 
energy; the plant consists of an array of evacuated tube collectors, heat 
storage, and a seawater evaporator. The plant was designed to operate in 
a fully automatic fashion in the sense that heat collection process is 
initiated automatically by a sensor measuring the solar radiation. Also, 
the operation of the evaporator was initiated by temperature sensors 
measuring the level of thermal charge remaining in the storage tank. The 
researcher drew the following conclusions: the cost of water produced is 
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very sensitive to the cost of solar collector, and the minimum water cost 
is always achieved with the largest storage capacity.  
Economic studies showed that solar desalination systems could be 
competitive under certain conditions, particularly in remote areas, and 
that it is better to use a partial solar driven desalination plant than a 
100% solar powered one. To find out the effect of various configurations 
on the economics of a multi effect seawater distillation system, El-Nashar 
(2001) compared three different configurations:  
(1) Conventional system using a steam generator to supply the plant 
with steam and a diesel generator to supply electricity needed for 
pumping purposes;  
(2) solar assisted system, where the hot water was supplied to the 
evaporator using solar collectors (flat plate or evacuated tube collectors) 
and a diesel generator for pumping power; and 
 (3) A solar system consisting of solar collectors (flat plate or evacuated 
tube collectors) to provide the evaporator with hot water and a 
photovoltaic (PV) array to provide electricity for pumping power.  
The researcher concluded that, at the present time solar energy can not 
compete favorably with fossil energy, but in remote areas where the real 
cost of fossil energy can be very high, the use of solar energy can be an 
attractive alternative. However, the cost of fresh water can be reduced 
with the increasing size of the units and through serial production. 
In an effort to compare a solar assisted MSF distillation plant with a 
conventional one, Rodriguez and Camacho (1999) studied a solar assisted 
plant which is a conventional one coupled to a solar parabolic trough 
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collector field, and uses thermal oil as heat transfer fluid and the hot oil is 
stored in an insulated tank. In this system the solar field could directly 
act as a brine heater, instead of using thermal oil as a heat transfer fluid. 
A little hot brine storage may be required to avoid the effect of solar 
irradiance transients. The recearchers concluded that the use of solar 
energy—under certain climatic conditions—could be competitive with 
conventional energy in MSF distillation plants.  
Since the cost of converting solar energy to electricity is higher than that 
required to convert it into heat, desalination systems using electricity 
generated from solar energy, found less interest in terms of coupling 
those to solar devices to supply the required energy. Many researchers 
studied reverse osmosis systems in which photovoltaic systems were 
used to provide the required electricity and in some case hybrid systems 
(solar and wind) were used.  
2.2.2 Direct Systems  
Direct systems are those where the heat collection and distillation 
processes take place in the same equipment. Solar energy is used to 
produce the distillate directly in the solar still. Figure (2.8) shows a 
schematic diagram of a solar still. The still acts as a trap for the solar 
radiation (greenhouse effect). As solar radiation passes through the 
transparent cover, it gets absorbed by the absorber and partially by the 
saline water. As a result the water temperature, hence vapor pressure 
increases and becomes higher than that of the cover. Water evaporates 
into the surrounding air, and the vapor rises to the cover by natural 
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convection, where it condenses on the inner side of the cover. The 
condensate flows under the influence of gravity into the collection tank. 
The most common solar still is the greenhouse type. There are two types 
of greenhouse stills: symmetrical and asymmetrical. Greenhouse solar 
stills are simple to construct and operate.  
2.2.2.1 Main parts of greenhouse solar stills  
1. Basin: It is where the saline water is kept. The basin must be insulated 
from the bottom to minimize heat loss to the ambient. It should be 
painted black or lined with black sheet to maximize its absorptivity. The 
basin may be 10-20 mm deep (shallow basin) or may be 100 mm or more 
(deep basin). It must be inclined slightly, around 1°, to allow easy 
drainage of the concentrated brine. The materials that can be used for the 
construction of the still must be resistant to saline water corrosion. It is 
also preferred that those materials be inexpensive, durable, and available 
locally. Aluminum, concrete, wood impregnated with resin to resist 
deterioration, iron painted to resist corrosion, and/or plastic may be 
used.  
2. Transparent cover: The cover prevents the losses and keeps the wind 
away from cooling the hot water. Its inside surface also acts as a 
condenser where the vapor is condensed and collected as product. The 
slope of the cover must be such that the surface tension of water causes it 
to flow all the way down to reach the troughs, without falling back into 
the basin. The optimum tilt angle of the still cover is about 10 and 50° 
during summer and winter, respectively. Cover is usually glass or plastic 
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sheet. Glass is preferred because of its high transparency and rigidity. A 
disadvantage of the glass is that it breaks easily. Plastics are light in 
weight, low cost, do not break and are easy to handle. Their main 
disadvantage is short lifetime due to deterioration under ultraviolet (UV) 
light[Sablani and AL-Hinai 2000].  
3. Collection troughs: They are placed at the lower edges of the cover to 
collect the distillate. The troughs should be constructed with enough 
pitch along their length to allow the distillate to flow to the lower end of 
the still, from which it is collected as a product.  
Design of a solar still requires optimization of many factors: brine depth, 
tightness to prevent vapor leakage, thermal insulation, cover slope, 
shape and material for the still.  
A well designed still must also have adequate provision to collect the 
rainwater that falls on it, so the surrounding ground is neither eroded 
nor flooded. Still components must be constructed such that they can be 
easily assembled. A large number of basin type designs have been used. 
They differ from each other in the types of materials used, geometry, the 
way of supporting the transparent cover and the provisions for supply 
and discharge water. A still requires frequent flushing of salty water to 
prevent precipitation, which reduces its absorptivity and hence the 
efficiency. Still efficiency, defined as the ratio of the energy used to 
evaporate the water to the solar energy incident on the still, is usually 
low and rarely exceeds 50%, with an average value of 30-40%. The daily 
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solar still production is about 3-4 lit/m2 of still surface area Kalogirous, 
S., (1997). 
  
                       Figure 2.8 Schematic diagram of solar still  
Simple solar stills have been studied extensively. A theoretical analysis 
by Dunkle in 1961, and the relations that he derived for the heat and 
mass transfer within the still, formed the basis for many research efforts 
since then. Dunkle found out that the mass transfer rate depends on the 
temperature difference between the water surface and the glass cover. In 
order to increase this temperature difference some researchers studied 
the effect of coupling the solar still to a flat plate solar collector (fig. 2.9). 
The results showed that the still performance could improve 
significantly, but of course the system cost would increase. In some cases 
,the daily productivity of the simple still increased from about 4 
lit/m2.day to about 8 lit/m2.day for the coupled one. Another way to 
increase the temperature difference is to reduce the temperature of the 
glass cover. This idea was investigated by Kumar and Tiwari (1996) who 
considered the performance of a single and double effect solar still, with 
and without water flow over the still glass cover, and concluded that a 
still with water flows over the glass cover gives the best performance.  
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              Figure 2.9 Schematic diagram of solar still connected to solar collector  
Increasing the temperature difference between the saline water 
surface and the transparent cover could be increased by adding a 
condenser to the still (fig. 2.10), thus increasing the heat sink capacity, 
hence the still performance.  
Evaporation at a low temperature, utilizing vacuum conditions, leads to 
a good improvement in the system efficiency as the evaporation rate 
increases with the reduction of pressure. System productivity higher 
than that from similar solar desalination systems operating under 
atmospheric pressure was reported by many researchers.  
In all configurations described previously, the latent heat of 
condensation was simply dissipated to the environment. However, the 
latent heat of condensation could be used to preheat the feed water, 
which would lead to an improvement in the still efficiency.  
Latent heat of condensation could also be utilized for evaporating a part 
of the saline water in a multi-effect solar still (fig. 2.11). In such still, heat 
is usually supplied to the first effect from a solar collector, then the vapor 
33 
 
produced in that effect ascends upward by natural convection, and 
condenses when it comes in contact with the bottom of the second effect, 
giving up its latent heat to that stage, thus evaporating a part of the 
water from it and the process continues till the last effect which may be 
covered by a transparent cover, thus gaining an additional amount of 
heat directly from the sun. This modification in a still operating 
mechanism leads to a significant improvement in the still performance. 
 
                   Figure 2.10 Schematic diagram of solar still with condenser  
 
34 
 
 
         Figure 2.11 Schematic diagram of multi effect solar still 
Another way to increase the efficiency of the still is to minimize the heat 
losses to the environment. A model to calculate the thermal losses 
(through the glass cover, bottom and side walls) from a solar still to the 
atmosphere was presented by Bobrovnikov et al (1979). Tiwari presented 
a thermal analysis of a tubular solar still, which consists of a tray of metal 
placed inside a glass tube, and validated the analysis experimentally for 
special case.  
The nocturnal performances of a solar still supplied with waste heat or 
with energy storage were also investigated. In some cases the heat is 
supplied during night from a waste heat source, or from stored thermal 
energy. Adding a dye to the water inside the still improve its 
performance, since it enhances the absorptivity of water Malik, M. A. S. 
and Tran. V.V (1973).  
Fresh water may be obtained from saline water through a 
humidification-dehumidification cycle. In this process air is circulated by 
natural or forced convection over hot water supplied from a solar 
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collector where it becomes humid. It is then passed through a condenser 
for dehumidification. This process was studied by many researchers. The 
output can be two times that from a simple solar still AL-Hallaj, S., 
(1998).  
As the driving force for evaporation is the vapor pressure difference 
between the saline water temperature and the cover temperature 
(condenser), desalination unit could be powered by salinity difference in 
an open cycle absorption heat pump, since the vapor pressure decreases 
as the salinity increases Ibrahim, A and Lowery,P.,(1992).  
2.3 Solar distillation   
 Solar energy is an abundant, never lasting, and available on site and 
pollution free energy. However, the cost of its collection and utilization 
becomes expensive because it is diffuse, of low intensity, and 
intermittent and therefore, requires some kind of thermal energy storage. 
But for application like distillation of brackish water, the intermittent 
nature of solar energy will not limit its use and distilled water will be 
produced, as and when solar energy is available. Because of the 
simplicity of apparatus design, requirement of fresh water, and free 
thermal energy, work in the field of solar distillation is in progress for 
more than hundred years.    
 Solar water distillation is a solar technology with a very long history and 
installations were built over 2000 years ago, although to produce salt 
rather than drinking water. Documented use of solar stills began in the 
sixteenth century. The basic principles of solar water distillation are 
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simple yet effective, as distillation replicates the way nature makes rain. 
Solar distillers can be successfully used anywhere the sun shines. Solar 
energy heats water to the point of evaporation. As the water evaporates, 
water vapor rises, condensing on the glass surface for collection. This 
process removes impurities such as salts and heavy metals as well as 
eliminates microbiological organisms. The end result is water cleaner 
than the purest rainwater. There are commercially available passive solar 
distillers available that only needs sunshine to operate. There are no 
moving parts to wear out. 
 Water from a solar distiller does not acquire the "flat" taste of 
commercially distilled water since the water is not boiled (which lowers 
pH). Solar stills use natural evaporation and condensation, which is the 
rainwater process. This allows natural pH buffering that produces 
excellent taste as compared to steam distillation. Solar distillers can easily 
provide enough water for family drinking and cooking needs. 
 Solar distillers can be used to remove effectively many impurities 
ranging from salts to microorganisms and are even used to make 
drinking water from seawater. The technology has been well received by 
many users, both rural and urban, from around the globe. 
2.3.1 Benefits 
 Solar distillation can expand areas of settlement. Certain regions of the 
world now sparsely inhabited could support larger populations if 
drinking water for them were available. These areas include marine 
deserts, small islands, and inland areas   with saline groundwater 
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supply. The new population who could occupy this land would do so at 
an improved standard of living for themselves while removing 
population pressures from the areas where they originated. 
Solar distillation can modify the effects of deteriorating water supplies in 
present settlement. In some areas already inhabited, permanent or 
seasonal changes in surface and groundwater conditions have made 
traditional water sources less acceptable to the population. The addition 
of solar distilled water to local drinking water supplies could 
permanently maintain water quality level. 
Solar distillation makes possible the recycling of waste water. In regions 
where pure water is in critically short supply, used water from 
households and industries can be purified by distillation and added to 
the general water stores. 
 Solar distillation can improve health standards, because solar distilled 
water is chemically pure. The removing of contaminants from 
questionable water supplies would have general benefits for the 
population’s health. In specialized cases, still units could be used to 
supply all the pure water necessary for isolated hospitals and clinics. 
Solar distillation could encourage economic activity. Animal husbandry 
could possibly be extended in areas where it is now limited by pure 
water supply.  
 Finishing could become important on desert seacoasts where previously 
there were no drinking water supplies for workers. The making and 
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installing of solar distillation units is highly labor-intensive and could in 
it self become a local industry.    
2.3.2 Limitation 
The spread of the technology will not be governed by the potential 
benefits listed above but by two strong constraints: its capital cost and its 
acceptability among the people who are expected to benefit from it. 
 Solar distillation requires large amounts of land and materials. The 
capital investment necessary to build the equipment for distilling water 
by solar energy is high but less so than other distillation methods when 
small volume are needed. It is hard to grasp intuitively the large areas 
that are required to absorb enough energy from sun light to perform 
even simple tasks. Some times the amount of glass, concrete, metal, or 
plastic necessary to trap radiant energy for most practical uses seems 
disproportionately high in relation to the product .A solar still unit 
supplying pure water to a poor family will be large in area and in some 
cases more expensive than the house in which they live in. It will be a 
cost that they will    seldom be able to bear unassisted. 
 Solar distillation may require changes in traditional life-style. To be 
economic, domestic water produced by solar stills will require new water 
use, work, and responsibility patterns within the household .It may come 
as a surprise to the user that the daily routine to which he is accustomed 
must change in order to use the new device, that the new water may 
taste different, that it must be conserved and stored, and that work 
patterns must change in order to produce it. Social constraints will vary 
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widely between cultural groups, and their possible effect on the spread 
of the technology is yet to be investigated. 
Thus far limitations have outweighed the benefits of solar distillation 
where it has been considered or tried. Only in special cases will climate, 
resources, and needs combine to provide the conditions where the 
technology of simple stills can be practical and successful. An 
understanding of these basic factors should precede any decisions 
concerning solar distillation. There is considerable need for practical 
research and experimentation to help define those geographic regions 
and logical solution to local water supply problems. 
2.4 Simple solar still 
 A device used for converting brackish water into potable water using 
solar energy is called solar still. 
2.4.1 Principles of operation 
 While there are many types of solar stills, we will use the example of the 
basin still previous to explain the basic principle involved. In all cases 
solar distillation employs the heating up of the basin's water surface to a 
high enough temperature to allow the escape of molecules. The energy 
input is the sunlight transmitted through a glass or plastic cover which 
forms the top of the still. Once inside the still, the solar energy is 
absorbed by the bottom of the basin, which has dark color, so it may act 
as an absorber. This converts it to heat which is transferred to the water. 
If enough heat is added, some of the water will take the form of a vapor 
and will rise to the cooler area above it. If it is saltwater, the salt and 
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other impurities do not vaporize but remain in the basin holding the 
impure water. The rising vapor will then condense into droplets on the 
cooler inside cover surface of the basin and then through gravity run 
down to the outer edges for collection. In effect it goes through much the 
same process as boiling water and seeing it condense on a surface but at 
a much slower pace and with no energy supplied by fossil fuels. 
2.4.2 Types of simple solar still 
2.4.2.1 Single basin type stills 
 Various designs of solar stills and systems ranging from the minimal to 
hitech design have been attempted in the past. The simplest and most 
practical solar still is the single-basin type. The essential parts of these 
stills are: water basin with liner, transparent glazing, trough, fresh water 
tank, frame and walls. In many cases insulation also is applied under the 
water basin. The principle of operation is as follows: The solar radiation 
is absorbed primarily in the (black) basin and than converted to thermal 
energy. Water vapour condenses on the inner side of the glazing and the 
distillate flows by gravity into the trough and then into the fresh water 
tank. 
 As reported by Delyannis and Delyannis (1980), Kudish et al. (1982), 
Kudish and Gale (1986), the overall efficiency of a typical basin-type 
solar still is only about 30%. Therefore, since over two decades many 
efforts have been devoted to increasing the still efficiency. The scientific 
and patent literature abound with different proposals such as to increase 
the transparency and wettability of the roof (Bahadori and Edlin, 1973); 
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increase the rate of condensation by external cooling of the roof, increase 
the energy adsorption by using more blackish liners, black suspensions 
and/or dyes, using better insulators on the side walls and the bottom. In 
most cases, however, only several percent increase of efficiency could be 
achieved. 
 
                                    Fig 2.12 single basin solar still 
 
2.4.2.2 Tilted-tray solar still 
Some of the limitations of a single effect horizontal basin solar still are: 
1. The water surface is horizontal and hence it receives less radiation in 
winter particularly at those places away from the equator. 
2. Very shallow water depths are not possible, and 
3. Large spaces between the basin water surface and the condensing 
surface. 
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These limitations are overcome by tilted tray type solar still shown in 
figure (2.13), where both the water tray and glass cover are at an 
optimum tilt angle receiving more radiation, less water increases water 
temperature in resulting in higher output. The tray and glass cover are 
parallel and closer and then reduces the reflection losses and has less 
thermal inertia. The still is sloped at an angle so that direct radiation is 
received at near normal incidence which is not possible in the horizontal 
still. The still consists of a series of steps with narrow widths and shallow 
depths of water with insulation on the rear side and glass cover on the 
exposed side parallel to the tilted tray. The saline water is supplied at the 
top step which flows down the steps and finally drained at the bottom. 
The water distillate is collected in a trough is attached to the glass at its 
lower end. Less water depth increases water temperature resulting 
higher output Kudish and Gale (1986). 
 
                  
                                   Fig 2.13 tilted tray solar still 
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2.4.2.3 Tilted-wick type stills 
       Another type of solar still that is designed to operate with a very low 
heat capacity (i.e., very shallow water depth) is the titled-wick still, first 
proposed by Telkes (1955), see figure (2.14). It consists of a tilted solar 
still in which the water basin is replaced by a porous fabric, usually 
black, such as jute cloth. The feedstock enters the still at the top (at a very 
low feed rate), is dispersed along the upper edge of the porous wick and 
flows down by 
gravity. The porous wick absorbs the incident solar energy and 
evaporation occurs. This type of still exhibits a relatively higher 
distillation rate per unit area and operates at relatively high 
temperatures. This is a result of its very low heat capacity caused by the 
relatively small thermal mass per unit area. Also, such a design enables 
one to adjust the tilt angle of the still to maximize the amount of solar 
radiation transmitted through the glazing. Another variation of these 
stills is that, tested by Sodha et al. (1981), in which the feedstock is 
cascaded from one tray to the following one positioned just below it. In 
spite of their simple construction, low operation and maintenance costs, 
the major shortcoming, from an energy point of view, of the basin and 
tilted wick type still is that the latent heat of condensation is not utilized 
it is reject to atmosphere . From the point of view of thermodynamics the 
energy balance for a simple distillation process is zero, if the relatively 
marginal heat of solution is neglected. Thus, if the latent heat of 
condensation and the sensible enthalpy of the warm distillate are 
successfully recycled, and reused for heating up and evaporate the 
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feedstock, considerable – in idealized case infinite - productivity gain 
could be achieved. In non-solar systems, such as multi-stage evaporation 
or multi-stage flash distillation, the yield can be increased by a factor of 
3-20, with the same energy input, relative to a simple distillation. Multi-
stage processes, however, were economically feasible on (very) large 
scale, only, and, at present, they are gradually replaced by the cheaper 
reverse osmosis systems. 
 
         
                                Fig 2.14 Tilted-wick type still 
 
2.4.2.4 Multi-effect systems 
        Those solar stills that are designed to utilize, to some degree, the 
latent heat of condensation to preheat the feedstock are termed multi-
effect systems. This may be accomplished by constructing the still with a 
double glazing and flowing the feedstock through the space between the 
glazing (a simple liquid in glass condenser) prior to entering the basin. 
Such a design, obviously, necessitates leak proof sealing of the double 
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glazing and operating the still as a flow system. Apart from construction 
difficulties an operation problem such as accommodation of dirt on the 
inside walls of the glazing, as only the feedstock is preheated, at a much 
greater cost only a few percent productivity gain could be achieved. 
2.4.2.5 Double-basin (or multiple level) solar stills 
        Proposed originally by Lobo and Araujo (1977) and analyzed by 
Sodha et al. (1980) are designed to utilize the latent heat of vaporization 
from the lower still basin to heat the water in the upper still basin. This 
requires the use of a transparent base (e.g. glass) for the upper still. The 
designs described above are classified as double-effect solar still. By 
adding on more basins, one on top of the other, one may achieve 
multiple-effect solar still. Such designs were proposed and analyzed by 
Tiwari (1985); Fernandez and Chargoy (1990); Tiwari and Sharma (1991). 
 They studied the performance of multiple basin solar stills at different 
mode of operation, steady state and transient, as well as with and 
without cooling water flowing over the outermost glass cover. Their 
conclusions were that the productivity could be improved significantly, 
in comparison with single basin solar stills, and the reasonable number 
of effects was found to be three. Such a design has its technical problems, 
such as the leak-proof junction of dissimilar materials and the load on the 
transparent base(s). 
These stills were designed to recycle a considerable fraction of the 
exothermal enthalpy of condensation via much simpler techniques, 
relative to that used in either multi-stage distillation or multi-flash 
systems. The preliminary results have shown, that heat recycling results 
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in about a 3-fold increase in the fresh water productivity, as compared to 
that for traditional basin type stills at the same insolation. 
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Chapter three 
Mathematical Modeling 
3.1 Introduction 
 Modeling is one of the most important elements of thermal system 
design. Most systems are analyzed by considering equations which 
represent a physical process or behavior. We may also resort to other 
means such as experimentation with a physical or scale model. 
Nowadays, most engineers resort to some form of numerical modeling 
with a computer. This may be a simple process or systems analysis soft- 
ware or may include a full numerical solution using Finite Element 
Analysis (FEA) or Computational Fluid Dynamics (CFD). However, 
these tools are both costly, monetarily and time wise. Modeling of 
Systems and Components in engineering design we often encounter four 
types of models. These include: Mathematical Models, Physical Models, 
Numerical Models, and Analog Models. Each is discussed below. 
3.1.1 Mathematical Models  
Represent the performance and behavior of a system by means of 
equations which describe the physical phenomena.  These types of 
models are the most important since they offer the greatest flexibility in 
the design process. Once constructed, they allow the system to be 
analyzed under many types of in- put conditions. This is an important 
issue for undertaking a system simulation or optimization.                        
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3.1.2 Physical Models 
   Are ones that represent the system closely and are used to obtain 
experimental data to model the performance of a real system. These 
models may be constructed at full scale (prototype) or reduced scale. 
Often in the early design stages a scale model is constructed to obtain 
some preliminary design data, while at the end of a design cycle a full 
scale (and usually operational) model or prototype is constructed. This is 
not always possible. In many cases where a one kind of design design is 
being constructed the final system is also the prototype. In other cases, it 
is not possible to build a complete scaled model. In some cases a model 
which only satisfies certain elements of the system is built and tested 
under one set of conditions, while another model which represents other 
aspects of the system is built and tested under another set of conditions. 
These types of models are often referred to as distorted models since the 
system cannot be fully scaled under all conditions. 
 3.1.3 Numerical Models 
 Are based on a mathematical model, but are used when the equations 
describing the system cannot be solved easily using traditional methods. 
More often than not, the engineer must resort to numerical models for 
undertaking analysis of complex systems. Numerical models are 
conventionally based on a discretised form of the system equations.  
These most frequently occur in FEA and CFD simulations, where a 
system or component is broken down in to tiny elements and the 
equations of elasticity or fluid dynamics are solved for the collective 
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system of elements. These approaches offer the engineer very detailed 
information, but can be time consuming to setup and run.  
3.1.4 Analog Models 
 Are based on an analogy or similarity between physical phenomena. In 
fluid mechanics and heat transfer these types of models are frequently 
used, i.e. thermal and hydraulic circuit. 
   In this work a mathematical modeling has been selected to represent 
the performance of simple basin solar still. 
   Mathematical equations that describe the performance of each 
component of the system are presented in this chapter. The computer 
program, written in MATLAB and flow charts for the program are 
presented in appendix B, C respectively. 
3.2 Design considerations of simple solar still 
       Many parameters have to be considered when designing a solar 
distiller. Among these parameters are:- 
• Construction materials 
• Transparent cover and slope 
• Cover elevation 
• Depth of basin 
• Size of the distiller 
• Insulating materials 
3.2.1 Construction materials 
A solar distiller can be built from a variety of materials and probably 
governed by the local construct materials, the a availability and its cost. 
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Iron sheet metal was used for the purpose of this work as a basin for the 
solar distiller. It was selected due to its a availability in the local market 
and its relative cheap cost. It is easy to be formed to any desired shape at 
a workshop. 
3.2.2 Transparent cover and slope 
       The angle at which the transparent cover is set will govern the 
amount of the sun’s direct radiation that is reflected back to the 
atmosphere. It can also affect the rate at which the distillate will run 
down the inner surface to the trough.  
The angle will determine the area of the expensive transparent material 
that will be required to cover a given area of the basin. The amount of 
cover material necessary will decease as the angle at which its placed 
decrease. Reducing cover costs will have an important effect on the total 
cost of the still installation.  
Most recent designs have used slope of between 100 and 150 for glass 
covers, regardless of the latitude of the still. 
No universal rule can be given about the angle at which plastic covers 
should be placed because their wettability will vary from one material to 
another. During the process of designing a plastic covered still, a few 
simple experiments can establish the minimum angle at which water will 
collect and run down its inner surface. 
3.2.3 Cover elevation 
        Experiments indicate that the design will be more efficient when the 
condensing surface of the cover is near the evaporating surface of the 
water. This distance should be held to a minimum, but must be great 
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enough for the collecting trough to be raised well above the brine surface 
so that there is no danger of accidental mixing. The cover must be high 
enough to allow opening in the end walls for maintenance and cleaning 
(need an optimum height). These factors combined with the angle at 
which the cover is set ,  and dimensions of the materials used to support 
it will determine the practical minimum distance between cover and 
brine.  
3.2.4 Depth of basin 
      The shallower the depth of water to be heated, the higher will be its 
temperature. The higher temperature of the water vaporized, the more 
efficient will be the distillation process. A depth of two inches (5cm) is 
frequently used in stills. It’s a depth sufficient to ensure that there will no 
dry over heated spots due to an uneven basin bottom. 
3.2.5 Size of the distiller 
       Portable solar distillers are usually having small or moderate size to 
enable moving them from a site to another. In this work distillers having 
basin area within 1m2 were selected.  
3.2.6 Insulating materials 
The heat losses from the bottom of the basin to the ground can be cut 
considerably by providing an insulation layer beneath the basin. There 
are many insulating materials used, such as sand, fiber glass, 
foampolystrene. 
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 3.3 Factors affecting performance of solar distillers 
 For using solar energy to distill brackish and sea water to produce fresh 
water, there are many parameters affecting the productivity. These can 
be summarized as: 
• Solar radiation 
• Ambient air temperature 
• Wind velocity 
• Depth of the brine in the basin 
• Cover material and its shape 
• Ground and surrounding losses 
3.3.1 Solar radiation 
       The amount of solar radiation received by the solar distiller is the 
single most important factor affecting the performance. Distiller 
productivity depends on the intensity and duration of the radiation, 
which varies both by hour of the day and by season. The daily out put is 
directly proportional to the solar radiation. 
3.3.2 Ambient air temperature 
 Simple solar distiller operates most effectively when surrounding air 
temperature is high. This implies both a high water and a high 
condensing-surface temperature. This indicates the temperature effect on 
efficiency of solar distiller. 
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3.3.3 Wind velocity  
The passage of wind over the cover of a solar distiller causes a series of 
reactions within the distiller that are complicated. The effect of the wind 
will be a function of the shape and orientation of the distiller in relation 
to the wind direction. In general, the wind outside of the distiller will 
cool the condensing surface. This indicates the effect of wind velocity on 
the efficiency of the solar distiller. It has negative effect on productivity. 
However, the effect of wind speed on productivity is very low. 
3.3.4 Depth of the brine in the basin 
The shallower the depth of water to be heated, the higher will be its 
temperature the higher the temperature of the water being vaporized, the 
more efficient will be the distillation process. 
 3.3.5 Cover material and its shape 
The type of cover material is affecting the productivity of solar distiller, 
first through the absorption of solar radiation by the transparent cover. 
The second effect is the distance between cover and surface of the water. 
3.3.6 Ground and surrounding losses 
Heat can be lost to the surroundings and the ground particularly through 
the bottom of the basin. This can be reduced by well insulating the basin.  
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3.4 Basic hypotheses of simplification 
In order to avoid complicating the study of this type of solar still, we 
allowed the following hypotheses: 
• Temperatures of respectively the inner and the outer sides of the glass, 
of the brine, of the absorber and inside the insulator are supposed 
uniform; 
• Water condensation on the cover is homogeneous and continuous; 
• Lateral sides are at constant pressure (adiabatic). 
• Heat loss in the basin comes from the base. 
• Brine inside the basin is static. 
• The vault is considered as a black body. 
• Physical properties of materials are considered constant. 
• Brine concentration does not intervene in the mass and heat transfer,   
from and to the brine. Finally, an analogy between thermal and electric 
dimensions has been carried out. 
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3.5 The heat balance 
       
                               Fig 3.1 heat flow in solar still 
                                
                           Fig 3.2 thermal net work for basin type still 
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 Figure (3.2) shows the thermal network for a basin type solar still and 
the individual heat-transfer coefficients [Dunkle, R.V., 1961]. The heat 
balance on water in solar still can be expressed as: 
 = - - ……………… (3.1) 
Assuming no ventilation and neglecting temperature gradient in glass 
and water. The over all upward heat flow factor, introduced for a solar 
still is: 
             ….…………………..……… (3.2) 
Where 
             = + + ………..…………….. (3.2.a) 
           + ………………………… (3.2.b) 
          ………………………………………. (3.2.c) 
The overall upward heat flow factor, Ut, is based on (Tw-Ts), since the sky 
temperature, Ts, has been used as the sink temperature. Neglecting heat 
capacity of the glass cover and absorption of insulation in the glass cover,    
the upward heat flow from water in the basin to the glass cover is equal 
to the upward heat flow from the glass cover to the environment. Thus  
 …………………….. (3.3) 
A part of this energy is utilized for evaporation and is given by: 
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= …………………………………… (3.4) 
The fraction of the upward heat flow, qwg, utilized for evaporation is: 
…………………….…………………………….(3.5) 
Similarly, the fraction of qwg  lost by convection and by radiation are 
defined as: 
  ………………………………………………….. (3.6) 
 …………………………………………………… (3.7) 
Heat transfer calculations for the solar still are generally carried out over 
one-hour intervals. The temperature of water in the basin Tw, can be 
obtained by integrating equation (3.1) with respect to time. Hence, the 
upward heat flow, , and the fraction, Fe of  upward heat flow 
that is utilized for evaporation, can be calculated provided the over all 
upward heat flow factor , Ut, is known. Ut for a particular hour interval 
can be evaluated at the water temperature at the end of the previous 
hour. Ut is composed of radiative, convective, and evaporative heat-
transfer coefficients which can be determined if the glass cover 
temperature can be estimated. The glass cover temperature may be 
found by a quasi-steady heat balance on the glass cover. The heat balance 
on the glass cover, neglecting the heat capacity and thermal resistance of 
the glass cover, and the absorption of solar radiation in it, is 
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 …………………… (3.8) 
  
…………………….   (3.9) 
The glass cover temperature may be obtained by numerical solution of 
non linear equation (9), or. Alternatively, it can be estimated by the 
following semi-empirical equation: 
 
3.5.1 Calculation of the hourly output 
The energy utilized for evaporation is obtained by: 
     (3.11) 
The mass of distilled is: 
      ………………………………………. (3.12) 
Where 
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The evaporate heat loss qel from water to glass cover can be calculated by 
knowing the mass transfer coefficient and convective heat transfer 
coefficient. The expression for qel is given by: 
   (3.14) 
Heat loss through the ground and periphery qb (the heat conducted in 
the soil during daytime comes back in the basin during night time).can 
be calculated from the following equation: 
       ………………………………. (3.15) 
Where Ub is the overall heat transfer coefficient from bottom. 
The convective heat loss qca from glass cover to ambient air can be 
calculated from the following expression: 
      …………………………….. (3.16) 
Where hca is the forced convection heat transfer coefficient and is given 
by: 
    ………………………………. (3.17) 
The radiative heat  loss qra from glass to sky can be determined the 
radiant sky temperature Ts is known, which very much depends on 
atmospheric conditions .thus the radiative heat loss qra  from glass cover 
to atmosphere is given as: 
     ………………..…………. (3.18) 
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Where  is the emissivity of glass cover. 
3.5.2 Estimation of heat-transfer coefficient 
The thermal network of a basin solar still is shown in figure(3.2). The 
radiative , convective, and evaporative heat –transfer coefficient between 
water and cover glass are, respectively, given by: 
     ………………...…. (3.19) 
   …….….… (3.20) 
    …………………….… (3.21) 
The radiative heat transfer coefficient between the glass cover and the 
sky (atmospheric) is given by: 
    ……………..……...... (3.22) 
The sky temperature is given by: 
   …………………………………… (3.18) 
The relation s for water vapor pressure and latent heat as function of 
temperature, the partial pressure of water at any temperature is given by 
the following equation: 
/ …… (3.23)1 
                                                 
1 All the equations related to the hourly output and the estimation of heat transfer coefficient  
from [Dunkle ,R.V.,1961]  
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Where: 
 …………………..……………………. (3.19a) 
a=3.2437814,      ,         
And  
T is in degrees Kelvin. 
3.5.3 Estimation of wind velocity 
The wind velocity is calculated from the following equation 
[E.H.Lyesen1986]: 
 …………………………………………(3.24) 
Where: 
Vz is mean wind speed at height z 
Z is height above ground 
Z1 is the reference height 
V1 is wind speed at reference height (Z1)  
 Z0 is aerodynamic roughness length of the surface 
Then: 
    ………………………………….. (3.25) 
Where hw is the wind heat transfer coefficient. 
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3.5.4 Hourly global, beam and diffuse radiation under cloudless skies 
Based on the analysis of ASHREE (American Society of Heating 
Refrigerating Air-conditioning Engineers), the global radiation I g 
reaching horizontal surface on the earth is given by: 
      ………………………………………….. (3.26) 
Where: 
               Ig=hourly global radiation 
               Ib=hourly beam radiation 
               Id=hourly diffuse radiation 
Now,  
Where: 
              Ibn=beam radiation in the direction of the ray 
             θz=angle of  incidence on horizontal surface, i. e the zenith angle. 
Thus: 
             ………………………………… (3.27) 
In the ASHREE model, it is postulated that: 
            ……………….………….. (3.28) 
           …………………………………………… (3.29) 
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Where A,B and Care constant whose values have been determine on a 
month wise basis as shown in appendix(C). 
a. Solar radiation on tilted surface 
 Since most solar equipments such as flat plate solar collectors and solar 
distill are tilted at an angle to the horizontal, it is necessary to calculate 
the flux which falls on a tilted surface. 
b. Beam radiation 
The ratio of the beam radiation flux falling on a tilted surface to that 
falling on a horizontal surface is called the Tilt factor for beam radiation, 
rb. 
For the case of tilted surface facing south (γ=0), 
             …………………. (3.30) 
While for a horizontal surface, 
..………. (3.31) 
Hence, 
             …..…(3.32) 
Similarly expression for r b can be derived for the situations in which the 
tilted surface is oriented in a different direction with β not zero. 
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c. Diffuse radiation The ratio of the diffuse radiation flux falling on a 
tilted surface to that falling on horizontal surface is called the Tilted 
factor for diffuse radiation, rd. 
For a tilted surface with slop β, 
                         ………………………………… (3.33) 
Where  
  is the radiation slop factor for a tilted surface with respect to the 
sky 
d. Reflected radiation 
The tilted factor for reflected radiation, rr, is given by: 
               ……………………. (3.34) 
The flux IT falling on a tilted surface at any instant is given by: 
             ……….. (3.35) 
3.5.5 Empirical equation for predicting the availability of solar 
radiation 
since measurements of solar radiation are often not available, attempts 
have been made by many investigators to establish relationships linking 
the value of radiation (global or diffuse)with meteorological parameters 
like number of sunshine hours, cloud cover,  and precipitation. 
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3.5.5.1 Clearness index method (KT) 
The clearness index (KT) is the ratio of the radiation on horizontal surface 
to the extraterrestrial radiation and it has two formulas: 
(i) monthly average daily radiation 
The monthly average clearness index (KT) is the ratio of the monthly 
average daily radiation on horizontal surface to the monthly average 
daily extraterrestrial radiation. 
………………………………………………………………… (3.35) 
Where: 
          …… (3.36a) 
        ………………………………… (3.36b) 
(ii) monthly average hourly radiation 
The monthly average clearness index (kT) is the ratio of the monthly 
average hourly radiation on horizontal surface to the monthly average 
hourly extraterrestrial radiation. 
  ……………………………………………………………… (3.37) 
Where 
  ……… (3.37a) 
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3.5.5.2 Estimation of hourly radiation from daily data 
When hour by hour (or other short time base )performance calculations 
for a system are to be done ,it may be necessary to start with daily data 
and estimate hourly values from daily number. 
The ratio of the hourly total to the daily total (rt)is used to over come the 
circumstance above. 
  ……………………………………………………………… (3.38) 
Also (rt ) can be calculated by the formula [Collares-Pereia and Rabl 
(1979)] 
  …………………………….. (3.39) 
The coefficients a,b are given by : 
………………………………. (3.39a) 
…………………………… (3.39b) 
Also the ratio of hourly diffuse to daily diffuse radiation (rd) can be used 
to estimate hourly averages of diffuse radiation if the average daily total 
radiation is known: 
 ……………………………………………………………. (3.40) 
Where: 
 …………………………………………… (3.41) 
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Liu and Jordan (1960) have estimated that the equalities of the ratios 
Io/Ho &Id/Hd 
 ………………………………………………………….… (3.42) 
…………………………………………..… (3.42a) 
From the definition of monthly average hourly radiation (kT)  
 …………………………………………………… (3.42b) 
By dividing equation (3.39) and (3.41) 
 ……………………………………..……….. (3.43) 
…………………………………………………………… (3.44) 
 ……………………………………. (3.45) 
To calculate the value of solar radiation at any time, I and Io can be 
replaced by Gtotal , Go respectively  
 ……………………………………….. (3.46) 
 …………………………………………… (3.47) 
KT in Khartoum vary from 0.59 to 0.71  
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3.5.6 Efficiency of solar still 
The efficiency of a solar still is defined as the ratio of the heat transfer in 
the still by evaporation-condensation to the radiation on the still 
      ……………………………………………………….. (3.48) 
This is usually integrates over some extended period e.g. (hour or day) to 
indicate the performance. 
For experimental measurement efficiency of solar still is defined as the 
ratio of energy for the vaporization of the distillate that is recovered to 
the radiation on the still, 
         ……………………………………………….….. (3.49) 
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Chapter four 
Results and Discussions 
4.1 Results 
The results can be obtain from resolution of the mathematical relations 
presented in chapter (3) which employed to determine the performance 
of the proposed system by using computer program written in MATLAB 
is presented in appendix (B).It is in the form of tables and charts. 
4.1.1 Tables 
Table (4.1.1.1) Hourly variations of temperatures, output and solar 
intensity (15th January) 
 
Time 
(hr) 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 20.0000 16.2476 15.0000 54.0533 64.0365   
9 16.9102 13.1670 16.5000 44.9838 214.0322 
10 30.8421 27.1068 18.0000 94.0139 390.3691  
11 43.8762 40.1329 22.5000 176.7045 555.3414  
12 53.0979 49.3506 24.0000 267.8483 672.0614  
13 56.3992 52.6510 26.0000 309.3063 713.8455 
14 53.0181 49.2750    27.0000 266.5326 671.0507 
15 43.7349    40.0023    27.0000     174.9214 553.5526  
16 30.6714    26.9491    26.5000     92.7043 388.2081  
17 22.1329 18.7660 25.5000     56.2513 211.9738  
18 16.7475    13.0309    24.0000     44.1674 62.5047 
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Table (4.1.1.2) Hourly variations of temperatures, output and solar 
intensity (15th February) 
 
Time 
(hr) 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 22.0000 18.2748    19.0000     59.1619    73.0781   
9 18.2554    14.5441    23.0000     47.9642 231.0588  
10 33.1062    29.3941    25.5000     104.2640 419.0252  
11 47.2298    43.5050    28.5000     204.6808 597.7877  
12 57.5275    53.7894    29.5000     323.5792 728.1259  
13 61.6818    57.9445    30.0000     386.0819 780.7070 
14 58.7472    55.0150    32.0000     340.2516 743.5638  
15 49.3921    45.6725    32.0000     225.1921 625.1571  
16 35.7280    32.0236    31.5000     118.3355 452.2100  
17 27.1287 23.1265 31.0000     73.1453 262.8890  
 
 
Table (4.1.1.3) Hourly variations of temperatures, output and solar 
intensity (15th March) 
 
 
18 20.7702    17.0761    30.0000     54.7549 97.1336 
Time 
(hr) 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 24.0000    20.3010    24.5000     65.2455 109.0442  
9 22.2593    18.5723    29.5000     59.2034 281.7357  
10 38.0261    34.3355    32.0000     132.2152 481.2968  
11 52.6798    48.9773    35.0000    258.9841 666.7688  
12 63.0537    59.3332    37.0000    406.7087 798.0710  
13 66.8471    63.1212    37.0000    477.4202 846.0850 
14 63.2095    59.4926    37.5000    408.8826 800.0434  
15 52.9566    49.2537    38.0000    262.1905 670.2725  
16 38.3630    34.6762    37.0000    134.0046 485.5616  
17 29.2361 25.2397 36.0000    82.1640 285.8576  
18 22.5849    18.9061    34.0000    60.0803 112.2110 
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Table (4.1.1.4) Hourly variations of temperatures, output and solar 
intensity (15th April) 
ime  
(hr) 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 25.0000    21.3148    29.5000 68.4597 158.9245  
9 27.1560    23.4772    33.0000    76.4515 343.7142  
10 43.2906    39.6017    35.0000    168.7513 547.9301  
11 57.6832    53.9784    37.0000    322.0746 730.0977  
12 67.2634    63.5404    38.5000    485.2505 851.3539  
13 69.9361    66.2074    38.5000    542.9575 885.1824 
14 65.1111    61.3943    38.5000    442.7436 824.1115  
15 53.8522    50.1558    39.0000    272.0629 681.6077  
16 38.6082    34.9314    39.0000    135.0018 488.6648  
17 31.5214 27.1242 38.5000    78.1265 285.9889  
18 22.5953    18.9333    38.0000    59.7678 113.8410 
 
 
Table (4.1.1.5) Hourly variations of temperatures, output and solar 
intensity (15th May) 
 
Time  
(hr) 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 28.0000    24.3099 30.0000     80.1702 185.1632  
9 29.3012    25.6182    32.5000    85.4857 370.8660  
10 45.1718    41.4804    34.5000    184.2321 571.7406  
11 59.0524    55.3452    37.0000    341.7904 747.4272  
12 68.0141    64.2932    38.5000    500.1970 860.8550  
13 70.1188    66.3990    39.5000    545.3830 887.4940 
14 64.9069    61.2002    41.0000    437.4876 821.5281  
15 53.5137    49.8257    41.5000    267.2774 677.3231  
16 38.3821    34.7117    41.0000    133.2348 485.8034  
17 34.4276 29.4531 40.0000    83.7120 286.6914  
18 22.6508    18.9930    39.0000    59.8604 118.6540 
 
72 
 
Table (4.1.1.6) Hourly variations of temperatures, output and solar 
intensity (15th June) 
Time  
(hr) 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 28.0000    24.3224    33.0000    79.8218   179.6955  
9 28.4892    24.8174    35.5000    81.6899 360.5881  
10 44.1083    40.4285    37.0000    174.5198 558.2797  
11 57.9542    54.2587    39.5000    324.7943 733.5277  
12 67.1312    63.4179    41.0000    480.9884 849.6804  
13 69.6686    65.9536    41.0000    534.4942 881.7964 
14 65.0158    65.9536    42.0000    438.9346 822.9057  
15 54.1807    50.4957    42.5000    274.9060 685.7659  
16 39.4761    35.8105    42.0000    140.1238 499.6500  
17 33.5215 29.3417 41.5000    92.6532 303.0121  
18 23.9402    20.2875    40.5000    64.0104 133.9611 
 
 
Table (4.1.1.7) Hourly variations of temperatures, output and solar 
intensity (15th July) 
 
Time 
(hr)  
 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 25.0000    21.3127 29.5000     68.5093 170.9586  
9 27.6535    23.9699    32.5000    78.5700 350.0102  
10 43.2874    39.5923    34.0000    169.1165 547.8886  
11 57.3169    53.6048    35.5000    317.8326 725.4602  
12 66.8132 63.0854 36.5000 477.0456 845.6554  
13 69.7388    66.0086    37.0000    538.8283 882.6851 
14 65.4588    61.7376    38.0000    449.9065 828.5133  
15 54.9019 51.1791 38.000 287.2872 694.8824 
16 40.3219    36.6204    33.0000    147.5371 510.3553  
17 33.6512 29.4512 33.0000    88.12478 313.1555  
18 24.7417    21.0546    32.5000    67.5772 141.6905 
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Table (4.1.1.8) Hourly variations of temperatures, output and solar 
intensity (15th August) 
 
Time  
(hr) 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 25.0000    21.2830    23.0000     69.2261 156.1196  
9 26.5161    22.8105    25.5000     74.6442 335.6148  
10 42.4310    38.7145    28.5000     163.7475 537.0493  
11 56.9181    53.1850    30.0000     314.6783 720.4128  
12 66.9373    63.1902    31.0000     482.6635 847.2263  
13 70.3267 66.5766 32.0000 555.7949 890.1262 
14 66.3463    62.6061    33.0000    469.8586 839.7458  
15 55.8647    52.1412    33.5000    299.7049 707.0797  
16 41.1400    37.4354    33.0000    153.5095 520.7091  
17 32.1205 28.6512 32.5000    87.1234 319.6175  
18 25.2522    21.5626    32.0000     69.4804 143.4923 
 
Table (4.1.1.9) Hourly variations of temperatures, output and solar 
intensity (15th September) 
 
 
Time 
(hr) 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 25.0000    21.3022    29.0000     68.7592 
 
  
155.2078  
9 26.8240    23.1287    30.0000     75.5762 339.5123  
10 42.9595    39.2607    31.0000     166.7817 543.7384  
11 57.3864    53.6703    34.5000    319.2264 726.3406  
12 67.0221    63.2920    35.5000    481.5812 848.2997  
13 69.7560    66.0221    36.5000    539.9068 882.9031 
14 64.9834    61.2631    37.0000    440.9284 822.4955  
15 53.7583 50.0581 38.0000 271.3070 680.4202 
16 38.5270    34.8462    38.0000    134.6886 487.6372  
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17 28.5436 25.4378 37.5000    71.5091 284.9123  
18 22.5102    18.8441    37.0000    59.5800 112.6361 
Table (4.1.1.10) Hourly variations of temperatures, output and solar 
intensity (15th October) 
 
Time  
(hr) 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 25.0000    21.3190    33.0000    68.3607   158.1824  
9 27.1050    23.4262    34.0000    76.2484 343.0685  
10 42.8200    39.1357    35.0000    164.7101 541.9732  
11 56.3426    52.6440    38.0000    303.3625 713.1289  
12 64.7149    61.0008    39.5000    435.0764 819.0971  
13 66.0682    62.3533    39.5000    460.4616 836.2258 
14 60.0982    56.3949    40.0000    356.8673 760.6640  
15 48.1427    44.4551    40.0000    210.5672 609.3433  
16 32.8408    29.1686    39.0000    101.7675 415.6669  
17 25.1326 21.6542 38.0000    58.96532 221.0460  
18 17.4643    13.8025    37.0000    45.1268 64.5184 
 
 
 
Table (4.1.1.11) Hourly variations of temperatures, output and solar 
intensity (15th November) 
 
Time  
(hr) 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 23.0000    19.2826    23.5000     62.2555 142.1765  
9 25.0827    21.3763    25.0000     69.2655 317.4725  
10 39.7819    36.0666    28.0000     144.5257 503.5207  
11 52.1598    48.4341    29.5000     255.1454 660.1868  
12 59.4503    55.7169    31.0000     350.7543 752.4629  
13 59.9962    56.2697    32.0000     358.1563 759.3727 
14 53.6727    49.9607    34.0000    271.3902 679.3365  
15 41.9195    38.2201    35.0000    158.9286 530.5763  
16 27.3724    23.6828    34.0000    77.5989 346.4524  
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17 18.5439 14.5421 32.5000    52.5612 166.9681  
18 13.1917    9.5079    31.0000     35.6587 28.6863 
 
Table (4.1.1.12) Hourly variations of temperatures, output and solar 
intensity (15th December) 
 
Time  
(hr) 
Evaporative 
Water 
temperature 
(0C ) 
Glass cover 
temperature 
(0C) 
Ambient 
temperature 
(0C) 
Productivity 
(ml/m2hr) 
Solar 
intensity 
(kw/m2) 
8 20.0000    16.2786    20.0000     52.9930    87.3164   
9 19.1595    15.4453    23.5000     50.4753 242.5022  
10 32.8626    29.1402    25.0000     103.5398 415.9418  
11 45.0238    41.2999    26.0000     185.0606 569.8663  
12 52.8942    49.1674    29.0000     263.6183 669.4821  
13 54.6617    50.9343    31.0000     284.8571 691.8544 
14 49.9167    46.1902    31.5000     231.0650 631.7960  
15 39.7568    36.0436    30.0000     144.2475 503.2029  
16 26.5055    22.8083    30.0000     74.3812 335.4800  
17 29.4521 26.8734 30.5000     46.3908 166.0065  
18 13.1158    9.4277    30.0000     35.5529 30.6357 
 
4.1.2 Charts 
4.1.2.1 Performance charts of 15th January 
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                Fig (4.1.2.1.a) Relation between the solar intensity and time. 
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           Fig (4.1.2.1.b) Relation between the productivity and time. 
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    Fig (4.1.2.1.c) Variations between the temperatures at different locations on the still. 
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 Fig (4.1.2.1.d)Relation between the evaporative energy out put and time. 
4.1.2.2 Performance charts of 15th February 
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             Fig (4.1.2.2.a) Relation between the solar intensity and time. 
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                Fig (4.1.2.2.b) Relation between the productivity and time. 
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Fig (4.1.2.2.c)Variations between the temperatures at different locations on the still. 
 
8 9 10 11 12 13 14 15 16 17 18
1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
Time(hour)
E
va
po
ra
tiv
e 
E
ne
rg
y(
w
/m
2 h
r)
Eue(ml/m2hr)
 
Fig (4.1.2.2.d)Relation between the evaporative energy out put and time. 
4.1.2.3 Performance charts of 15th March 
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                Fig (4.1.2.3.a) Relation between the solar intensity and time. 
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                      Fig (4.1.2.3.b) Relation between the productivity and time. 
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Fig (4.1.2.3.c)Variations between the temperatures at different locations on the still. 
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Fig (4.1.2.3.d)Relation between the evaporative energy out put and time. 
4.1.2.4 Performance charts of 15th April 
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                Fig (4.1.2.4.a) Relation between the solar intensity and time. 
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              Fig (4.1.2.4.b) Relation between the productivity and time. 
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Fig (4.1.2.4.c)Variations between the temperatures at different locations on the still. 
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          Fig (4.1.2.4.d)Relation between the evaporative energy out put and time. 
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4.1.2.5 Performance charts of 15th May 
 
                 Fig (4.1.2.5.a) Relation between the solar intensity and time. 
 
8 9 10 11 12 13 14 15 16 17 18
50
100
150
200
250
300
350
400
450
500
550
Time(hour)
P
ro
du
ct
iv
ity
(m
l/m
2 h
r)
Pr(ml/m2hr)
 
                       Fig (4.1.2.5.b) Relation between the productivity and time. 
85 
 
8 9 10 11 12 13 14 15 16 17 18
0
10
20
30
40
50
60
70
80
Time (hour)
Te
m
pe
ra
tu
re
 (C
)
Tw
Tg
Ta
 
Fig (4.1.2.4.c)Variations between the temperatures at different locations on the still. 
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        Fig (4.1.2.5.d)Relation between the evaporative energy out put and time. 
4.1.2.6 Performance charts of 15th June  
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             Fig (4.1.2.6.a) Relation between the solar intensity and time. 
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               Fig (4.1.2.6.b) Relation between the productivity and time. 
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Fig (4.1.2.6.c)Variations between the temperatures at different locations on the still. 
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         Fig (4.1.2.6.d)Relation between the evaporative energy out put and time. 
4.1.2.7  Performance charts of 15th July 
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                 Fig (4.1.2.7.a) Relation between the solar intensity and time. 
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                      Fig (4.1.2.7.b) Relation between the productivity and time. 
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Fig (4.1.2.7.c) Variations between the temperatures at different locations on the still. 
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             Fig (4.1.2.7.d)Relation between the evaporative energy out put and time. 
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4.1.2.8 Performance charts of 15th Augeust  
 
               Fig (4.1.2.8.a) Relation between the solar intensity and time. 
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                      Fig (4.1.2.8.b) Relation between the productivity and time. 
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Fig (4.1.2.8.c) Variations between the temperatures at different locations on the still. 
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     Fig (4.1.2.8.d)Relation between the evaporative energy out put and time. 
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4.1.2.9  Performance charts of 15th September 
 
              Fig (4.1.2.9.a) Relation between the solar intensity and time. 
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              Fig (4.1.2.8.b) Relation between the productivity and time. 
 
93 
 
8 9 10 11 12 13 14 15 16 17 18
0
10
20
30
40
50
60
70
Time (hour)
Te
m
pe
ra
tu
re
 (C
)
Tw
Tg
Ta
 
Fig (4.1.2.9.c) Variations between the temperatures at different locations on the still. 
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       Fig (4.1.2.9.d)Relation between the evaporative energy out put and time. 
4.1.2.10 Performance charts of 15th October 
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           Fig (4.1.2.10.a) Relation between the solar intensity and time. 
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                  Fig (4.1.2.10.b) Relation between the productivity and time. 
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Fig (4.1.2.10c) Variations between the temperatures at different locations on the still. 
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         Fig (4.1.2.10.d)Relation between the evaporative energy out put and time. 
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4.1.2.11 Performance charts of 15th November 
 
            Fig (4.1.2.11.a) Relation between the solar intensity and time. 
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              Fig (4.1.2.11.b) Relation between the productivity and time. 
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Fig (4.1.2.11.c) Variations between the temperatures at different locations on the still. 
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  Fig (4.1.2.11.d)Relation between the evaporative energy out put and time. 
4.1.2.12  Performance charts of 15th December 
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            Fig (4.1.2.12.a) Relation between the solar intensity and time. 
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                 Fig (4.1.2.12.b) Relation between the productivity and time. 
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Fig (4.1.2.12.c) Variations between the temperatures at different locations on the still. 
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        Fig (4.1.2.12.d)Relation between the evaporative energy out put and time. 
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4.2 Discussion 
In a simple solar still, solar radiation passes through the glass cover. This 
solar energy is almost entirely absorbed by the black cover on the basin 
while it is partially absorbed in the water layer (brackish or seawater). 
Thus, the water and basin are heated by the solar energy. The heat is 
conducted from the black surface into the water and the temperature of 
the water increases. Vaporization takes place at the interface, water 
surface and air inside of the solar still. The surface of water, which 
evaporates into an adjoining air stream since water but no air passes 
through the surface. Thus, at the interface, the saturated air is 
transported by diffusion due to the partial pressure difference and 
convection due to the natural convection of the humid air from the 
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interface into the air inside of the solar still. The humid saturated air 
inside of the solar still will condense at the glass cover, which has a lower 
temperature, Tg. Heat of condensation heats the glass cover. The glass 
cover is in heat exchange with surrounding and air inside of the still by 
convection and radiation. The condensate flows down, collecting along 
the glass cover and then in a channel at the end of the glass cover. 
Finally, it collects in a storage bottle outside of the still.  
   In order to be able to calculate the daily produced condensed water, we 
apply the energy balance method by making the following assumptions: 
? The whole system is in a quasi-steady state condition. 
? At the base of the still, temperatures of the walls equal to the 
evaporative water temperature, and the water temperature is the 
average of the interface temperature and the bottom temperature. 
? The wind speed is assumed to be constant during the experiment. 
The performance of a solar still is generally expressed as the quantity of 
water evaporated by unit area of the basin in one day, i.e. cubic meters or 
liters of water per square meter of the basin area per day. This 
performance of a solar still can be predicted by deploying the energy and 
mass balance equations on the various components of the still. The whole 
system is in a quasi-steady state condition and the temperatures are 
assumed not to change in one hour interval of time. 
   The resolution of equations has allowed us to obtain results, where 
computation has been carried out for each component of the still at an 
initial time “t” and at an initial temperature “Tw” with a time step equals 
to one hour, and taking into account geographical coordinates such as 
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the latitude and the time lag of the considered area (Khartoum, Sudan) 
and where meteorological and design parameters have been selected for 
15th of each month. 
This chapter will present the influence of different conditions on the 
productivity of the solar still, such as ambient temperature, and wind 
speed. Different variables were calculated hourly such as glass 
temperature (Tg), ambient temperature (Ta), water temperature (Tw),  
solar radiation (I), wind speed (Vw), and productivity (Pr). 
 Figure (a) of each month show that the solar radiation is increases and 
reaches the maximum value at mid day then decreases. 
The effect of solar radiation on the productivity is shown in Figures ( a) 
and (b) for each month, the maximum yield will occur during the time 
period 13:00 pm and 14:00 pm corresponding to a higher solar radiation. 
These figures indicate that the effect of solar radiation intensity on still 
productivity is pronounced. 
Figure (c) for each month shows the variation of different variables of 
solar still, it can be seen that the temperature of the vapor is the 
maximum followed by the temperature of water that has been heated by 
the basin in a convection process due to incident rays, then the 
temperature of the glass where the condensation occur, and the 
minimum temperature will be the ambient temperature. 
Throughout the different results issued from the simulation, we notice 
that the solar-still energy output shown in figure (d) from each month 
reach their maximum value between 13.00 a.m. and 14.00 p.m. 
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The increasing in wind velocity, leads to an increasing production in 
distilled water, as well as to a better cooling of the inner and the outer 
glass sides, followed by an important temperature difference between 
the brine and the inner side of the glass, where this difference is of a 
great interest, as it represents the cooler agent of the glass and where the 
external heat losses by convection can reach their maximum, as the 
coefficient of wind heat transfer coefficient  dependent on the wind 
velocity according to the relation: 
hw=2.8+3 v. 
 It is evident that as the water depth increases, the productivity will be 
decreased. This is due to the increase of the heat capacity of the water in 
the basin, results in lower water temperature in the basin leading to 
lower evaporation rate. 
 
Chapter five 
Economic analysis 
5.1 Introduction 
 It is very important to conduct economic analysis and evaluation of an 
engineering system to test its techno-economic and socio-viability. The 
solar distillation engineering system is meant to get distilled water for 
various purposes. The cost of the water produced depends on the capital 
cost of equipment, the cost of the energy and the operation and 
maintenance cost other than energy. In the case of solar stills, the cost of 
energy is a very small fraction of the total cost. Thus, the major share of 
the water cost in solar distillation is that of amortization of the capital 
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cost. The production rate is proportional to the area of the solar still, 
which means the cost per unit of water produced is nearly the same 
regardless of the size of the installation. This is in contrast with 
conditions for fresh water supplies as well as for most other desalination 
methods, where the capital cost of equipment per unit of capacity 
decreases as the capacity increases. This means that solar distillation may 
be more attractive than other methods for small sizes.  
Howe and Tleimat (1974) reported that the solar distillation plants 
having capacity less than 200 m2/day are more economical than other 
plants. Kudish and Gale (1986) have presented the economic analysis of 
solar distillation plant assuming the maintenance cost of the system to be 
constant. An economic analysis for basin and multiple-wick type solar 
stills has been carried out by various scientists (Delyannis and Delyannis, 
1985; Tiwari and Yadav, 1985; Mukherjee and Tiwari, 1986; Yadav and 
Tiwari, 1987). They have done economic analysis by incorporating the 
effect of subsidy, rainfall, salvage value and maintenance cost of the 
system.  
Further the tests performed showed that impurities like nitrates, 
chlorides, iron, and dissolved solids in the water are completely removed 
by the solar still. 
   Solar energy may prove to be economical for saline water desalination 
due to one or more of the following reasons:  
         1. Location: Many arid and semi-arid areas are coastal and have high 
insolation rates.  
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          2. Seasonal changes: In some areas, the demand for fresh water increases 
during tourism season, at this time the insolation rates are high.  
         3. Lack of conventional energy sources in many remote areas.  
          4. Economics: For some areas, like the Mediterranean islands, fresh water 
is transported by ships, which makes it very costly.  
The cost of the produced fresh water depends on the cost of the 
desalination system. Solar energy systems, in general, are capital 
intensive but require low operational and maintenance costs. The actual 
cost of a desalination system depends on the materials used for 
construction. Prices may differ considerably from one location to 
another, if local materials and local personnel are used. 
5.2 Cost Analysis  
To be able to calculate the cost of a unit of fresh water produced, we need 
to calculate the total amount of energy required to amount of fresh water 
and the total cost of the system, for a certain period of time, say annually.  
The daily distillate output can be calculated from the following 
equation:  
       ……………………………………… (5.1) 
Where: 
me is the hourly distillate water 
The annual average distillate output per day is given as 
…………………………………… (5.2) 
The total annual cost of the system is given as 
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Annual Cost (AC) = First Annual Cost (FAC) + Annual Maintenance (AM) – 
Annual Salvage Value (ASV) – Tax Savings (TS) 
The first annual cost of the system (FAC) can be calculated as,  
FAC=CC  * CRF…………………………………………………… (5.3) 
Where: 
CC is the capital cost of the system 
CRF is the capital recovery factor. 
………………………………………….. (5.4) 
Where: 
n is the life time of the system. 
Maintenance is required to ensure a continuous supply of water, 
replacement of broken glass, cleaning the system and corrosion and scale 
control costs. The Annual Maintenance Cost (AMC) can be taken as a 
percent of the first annual cost. However, this cost is not expected to be 
high. The brine disposal cost is not included here, which might be a big 
problem especially if the system is not close to open sea.  
The first annual salvage value (ASV) can be calculated as , 
                   ASV=S * SFF ………………………………………. (5.5) 
Where 
S is the salvage value of the system. 
SFF is the sinking fund factor, given by 
              ......................................................... (5.6) 
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The salvage value of the system, S, can be taken as a percent of the 
initial cost of the system.  
If the income tax law determines that any expenses incurred for the 
production of a business income are tax exempted, then costs such as 
maintenance, and money paid for interest are subtracted from the 
income for tax purposes. Then,  
Tax savings = net profit tax rate*(maintenance cost + interest paid + 
depreciation)  
Income tax savings for non-income producing system, can be 
calculated as,  
Income tax savings = effective tax rate * interest payment  
Income tax savings were not included in the numerical analysis to 
follow; they were presented only to complete the theoretical analysis.  
The product cost per kg, PC, is given by 
             ......................................................... (5.7) 
Based on the results obtained, a decision regarding the feasibility of 
the system for use in a certain location can be made by calculating the 
solar savings, defined as  
Solar savings = cost of conventional energy – costs of solar energy. 
5.3 Numerical analysis 
Table 5.1 Cost breakdown of the system components  
 
Item Quantity Cost (SDG) Remark 
Red bricks (first class) 50/m2 15 For the base of the basin 
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Sand  
Cement 
2 tins 
4 kg 
5 
10 
Sufficient to lay and fit the bricks 
and to form trough seating. 
Wood  3 m2 50 For sides walls. 
Mirror  3 m2 30 Fixed inside the solar still on the inner sides’ walls. 
Glass (4 mm thick) 1.4 m2 20 For covering the basin 
Silicon rubber  5 For sealing the glass cover which contact with other material. 
No glossy black paint ½ kg 5 For painting the basin to increase the absorptivity.  
Aluminum pipe 1 m 6 For distillate channel which carry the distillate water to the storage. 
Manufacturing   50  
Total cost   206  
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Based on the results obtained, a decision regarding the feasibility of 
the system for use in a certain location can be made by calculating the 
solar savings, defined as  
Solar savings = cost of conventional energy – costs of solar energy  
If the interest rate is 10% and the expected life of the system is 10 
years, the annual cost of the system is about 34.956 SDG, and the annual 
production is about 408 liter, which gives a product cost of 0.0435SDG. 
Assuming the average latent heat of evaporation to be 0.64 kWh/liter, 
we will need 517 kWh to produce the 804 liter of distilled water. Since 
the annual cost is 34.956SDG, the cost of one kWh will be 0.0676 SDG. 
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And the cost of one kWh by electric energy is 0.270 SDG. 
Then  
Solar saving=0.27*517---0.0676*517=104.6 SDG 
Solar saving in percentage% =(0.27-0.0676)/0.27=75% 
The above result shows that the use of solar energy in water distillation is 
more feasible than conventional energy. 
 
 
 
 
 
 
 
Chapter six 
Conclusions and Recommendations 
6.1 Conclusions 
    The mathematical model presented before can be used to study the 
effect of solar radiation, ambient temperature, wind speed, glass cover 
temperature, transparent cover properties, etc. on the distillate output. 
Some of the conclusions are as follows: 
? The still output (productivity) is strong function of solar radiation 
on a horizontal surface. The distillate output increase linearly with 
solar insulation for a given ambient temperature. 
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? The increasing of temperature difference between the saline water 
and the glass leads to a better production. 
? A higher temperature difference is obtained through the increasing 
of wind velocity. 
? The increasing of ambient temperature decease the heat loss from 
solar still, resulting in higher distillation rate.  
? Economic analysis showed that if the system is use solar energy the 
cost of 1 kg of distilled water produced will be about 0.0676, based 
on 10 years lifecycle at 10 % interest rate and the solar saving is 
75% compared by electrical energy.  
 
 
 
 
6.2  Recommendations 
To increase the productivity we must increase the temperature difference 
between the brine and glass cover. 
In order to obtain a higher temperature difference, we recommend: 
? A preliminary heating of the brine before bringing it into the solar 
still. 
? A cooling of the glass by using a fan working with an electrical 
energy which is     produced by a photovoltaic system. 
? A cooling of the outer side of the glass by flowing first the brine 
through the glass, before bringing it into the solar still. 
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?  And the use of glass having blades at its external side, in order to 
increase heat losses by convection, leading to cooling the inner side 
of the glass. 
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Appendix (A) 
start
read the values of:
Y;AT;TK;c;d;N,TF
Compute:
B(N);E(N);DELTA(N);DLT(N);OMEG(N);
ANGLHRS(N);A(N),B(N);D(N);DA(N)
Using Eqns(       to Eqn     ) Respectivly
I=1
M(I)=I
SOL(I)=I-1+(4*(32.25-30)+E(N))/60.0
HR(I)=(SOL(I)-12)*15*Y
Compute:
 GON(I) :Using Equation (  )
GTOTAL(I): Using  Equation (  )
K(I) : Using  Equation (  )
GD(I): Using  Equation (  )
GCB(I): Using  Equation (  )
h(I): Using  Equation (  )
I=I+1
IF
I<TF
Print Out:
GTOTAL(I)
END
Figure(    ) Flow Chat To Calculate The Values of G total
Yes
No
 
start
constant values
I;a;b;c;d;w;s;z;z1;v1;z0;Aw;Ag;TF;Eg,a1,b1,d1,c1
j=1
Compute
Tg(j);Ti(j);k(j);Cw(j);Ub(j);X(j);xg(j);Pw(j);Pg(j);
Pw1(j);Pg1(j);hfg(j);hrwg(j);hcwg(j);hewg(j);
hrgs(j);Eff(j); Using Eqations(   to eqn    )
respectivly
j=j+1
IF
j<TF
Print Out:
Tw(j)
END
Figure(    ) Flow Chat To Calculate The Values of Water Temp
Yes
No
read initial
values of
Tw
read
Ta(j)
Compute:
V=v1*(log(z/z0)/log(z1/z0));
hw=2.8+3.0*v;Ar=Ag/Aw;
Ts(j)=0.0552*Ta(j)^3/2
CALL SUB PROGRAM
TO CALCULATE GTOTAL GTOTAL PROGRAM
Using Modified Euler to find Tw(j) From DiffrentialEquation (   )
 
Appendix (B) 
Main Program: 
global N; 
global ee; 
 dt=1; 
tf=24; 
nm=12; 
t(1)=0; 
np=(tf-t(1))/dt; 
dt1=(t(1)+1)/dt; 
Tw0(1)=0; 
l=0.05; 
a=0.02612; 
b=15.76; 
c=2392; 
d=0.048; 
e=3.8213; 
w=0.0; 
s=5.67*10^-8; 
Ta1=[15 16.5 18 22.5 24 26 27 27 26.5 25.5 24]; 
Ta2=[19 23 25.5 28.5 29.5 30 32 32 31.5 31 30]; 
Ta3=[24.5 29.5 32 35 37 37 37.5 38 37 36 34]; 
Ta4=[29.5 33 35 37 38.5 38.5 38.5 39 38.5 38.5 38]; 
Ta5=[30 32.5 34.5 37 38.5 39.5 41 41.5 41 40 39.5]; 
Ta6=[33 35.5 37 39.5 41 41 42 42.5 42 41.5 40.5 ]; 
Ta7=[29.5 32.5 34 35.5 36.5 37 38 38 33 33 32.5]; 
Ta8=[23 25.5 28.5 30 31 32 33 33 33.5 33 32.5]; 
Ta9=[29 29 30 31 34 35.5 36.5 37 38 38 37]; 
Ta10=[33 34 35 38 39.5 39.5 40 40 39 38 37]; 
Ta11=[23.5 25 28 29.5 31 32 34 35 34 32.5 31]; 
Ta12=[20 23.5 25 26 29 31 31.5 30 30 30.5 30 ]; 
RR=[15;46;74;105;135;166;181;212;243;273;304;349]; 
sw=[20 23 24 25 28 28 25 25 25 25 23 20]; 
    Z=1;Z1=10;V1=4;Z0=0.03; 
    V=(log2(Z/Z0)/log2(Z1/Z0))*V1; 
    hw=2.8+3.0*V; 
    Aw=1; 
    Ag=1.46; 
    Ar=Ag/Aw; 
for L=1:nm; 
      N=RR(L);   
GTOTAL=g_t(); 
if L==1 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of January------------------------- ']) 
Ta=Ta1'; 
elseif L==2 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of February------------------------- ']) 
    Ta=Ta2'; 
elseif L==3 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of March------------------------- ']) 
    Ta=Ta3'; 
elseif L==4 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of Aprel------------------------- ']) 
    Ta=Ta4'; 
elseif L==5 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of May------------------------- ']) 
    Ta=Ta5'; 
elseif L==6 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of June------------------------- ']) 
    Ta=Ta6'; 
elseif L==7 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of July------------------------- ']) 
    Ta=Ta7'; 
elseif L==8 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of august------------------------- ']) 
    Ta=Ta8'; 
elseif L==9 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of Septemper------------------------- ']) 
    Ta=Ta9'; 
elseif L==10 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of October------------------------- ']) 
    Ta=Ta10'; 
elseif L==11 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of November------------------------- ']) 
    Ta=Ta11'; 
else L==12 
    disp(['Variation of temperature productivity and solar intensity ']) 
    disp(['----------------------of December------------------------- ']) 
    Ta=Ta12'; 
end 
ee=sw(L); 
    Tw(1)=ee; 
   Ts=0.0552*Ta.^(1.5); 
for xx=1:11; 
    kk(xx)=xx+7; 
   q(xx)=xx; 
    %Ts=[10 10 9.9 9.5 8.6 8.8 9.5 10.4 11.6 12.4 13.5 15.6 15.7 15.5 14.2 
    %14 13.1 12.1 11.5 11.2 11 10.3 10 10];      
    Tg(xx)=(((a*Tw(xx)^2-b*Tw(xx)+c)*Tw(xx)+(Ar*Ta(xx)*hw)+Ar*Ts(xx)*(0.048*Ta(xx)-
9))/((a*Tw(xx)^2-b*Tw(xx)+c)... 
     +(Ar*hw)+Ar*(0.048*Ta(xx)-9))-e); 
    Ti(xx)=Tw(xx)/2.0+Tg(xx)/2.0; 
    K(xx)=0.0244+0.7673*10^-4*Ti(xx); 
    Cw(xx)=999.2+0.1343*Ti(xx)+0.01*10^-4*Ti(xx)^2-6.758*10^-8*Ti(xx)^3; 
    Ub(xx)=K(xx)/l; 
    Eg=0.98; 
    x=647.27-(Tw(xx)+273.15);a1=3.2437814;b1=5.86826*10^-3;c1=1.1702379*10^-8; 
    d1=2.1878462*10^-3; 
    xg(xx)=647.27-(Tg(xx)+273.15); 
    Pw(xx)=165960.72*10^-(x*(a1+b1*x+c1*x^3)/((Tw(xx)+273.15)*(1+d1*x))); 
    Pg(xx)=165960.72*10^(-
(xg(xx)*(a1+b1*x+c1*xg(xx)^3))/((Tg(xx)+273.15)*(1+d1*xg(xx)))); 
    Pw1(xx)=(101300/760)*Pw(xx); 
    Pg1(xx)=(101300/760)*Pg(xx);y=Tww(); 
    hfg(xx)=3044205.5-1679.1109*(Tw(xx)+273)-1.1425*(Tw(xx)+273)^2;   
    hrwg(xx)=0.9*s*(Tw(xx)^2+Tg(xx)^2)*(Tw(xx)+Tg(xx)); 
    hcwg(xx)=.884*((Tw(xx)-Tg(xx))+((Pw1(xx)-Pg1(xx))/(268900-
Pw1(xx)))*Tw(xx))^(1/3); 
    hewg(xx)=(9.15*10^-7*hcwg(xx)*(Pw1(xx)-Pg1(xx))*hfg(xx))/(Tw(xx)-Tg(xx)); 
    hrgs(xx)=Eg*s*(Tg(xx)^2+Ts(xx)^2)*(Tg(xx)+Ts(xx)); 
    hcgs(xx)=hw*(Tg(xx)-Ta(xx))/(Tg(xx)-Ts(xx)); 
    Ui(xx)=hrwg(xx)+hcwg(xx)+hewg(xx); 
    Uo(xx)=hw*(Tg(xx)-Ta(xx))/(Tg(xx)-Ts(xx))+hrgs(xx); 
    Ut1(xx)=(1/(Ui(xx)+1/(Ar*Uo(xx)))); 
    Ut(xx)=1/Ut1(xx); 
    Eue(xx)=(hewg(xx)/Ut(xx))*Ui(xx)*(Tw(xx)-Tg(xx)); 
    Mw(xx)=(Eue(xx))*10^8/hfg(xx); 
    p(xx)=Eue(xx); 
    Eff(xx)=Mw(xx)*hfg(xx)*10^-6/GTOTAL(xx); 
%    
Tw(xx+1)=(10+(Ta(xx)+Tw(xx))/2)+(Tw(xx)+(Eff(xx)*GTOTAL(xx))+(Ut(xx)*Ts(xx))+(U
b(xx)*Ta(xx)))/((Cw(xx)/Aw)+Ut(xx)+Ub(xx))*w; 
z11(xx)=Tw(xx); 
t(xx+1)=t(xx)+dt; 
dx1b(xx)=Aw/Cw(xx)*(Eff(xx)*GTOTAL(xx)-Ut(xx)*(Tw(xx)-Ts(xx))-Ub(xx)*(Tw(xx)-
Ta(xx))); 
Tw(xx+1)=Tw(xx)+dx1b(xx)*dt; 
Tw1(xx)=(Tw(xx)*Tw0(1)+y(xx))*dt1; 
dx1e(xx)=Aw/Cw(xx)*(Eff(xx)*GTOTAL(xx)-Ut(xx)*(Tw(xx+1)-Ts(xx))-
Ub(xx)*(Tw(xx+1)-Ta(xx))); 
dTw(xx)=(dx1b(xx)+dx1e(xx))/2; 
Tw(xx+1)=Tw(xx)+dTw(xx)*dt; 
Tw(xx+1)=Tw1(xx); 
end; 
format short; 
Tg1=Tg'; 
Tw2=Tw1'; 
dd=kk'; 
Mw1=Mw'*10^-5; 
disp(['  Time(hr)   WatTemp  GlasTemp ambienttemp SkyTemp Productivity x10^2 ']); 
disp([dd Tw2  Tg1   Ta   Ts   Mw1 ]); 
if L==1 
figure(11),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(12),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(13),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(14),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(15),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
elseif L==2 
figure(21),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(22),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(23),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(24),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(25),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
elseif L==3 
figure(31),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(32),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(33),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(34),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(35),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
 
elseif L==4 
figure(41),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(42),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(43),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(44),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(45),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
 
elseif L==5 
figure(51),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(52),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(53),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(54),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(55),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
 
elseif L==6 
figure(61),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(62),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(63),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(64),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(65),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
 
elseif L==7 
figure(71),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(72),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(73),plot(dd,GTOTAL,'-kd','LineWidth',2,'MarkerEdgeColor','k','Marke 
rFaceColor','r','MarkerSize',5)% 
figure(74),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(75),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
 
elseif L==8 
figure(81),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(82),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(83),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(84),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(85),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
 
 
elseif L==9 
figure(91),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(92),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(93),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(94),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(95),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
 
elseif L==10 
figure(101),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(102),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(103),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(104),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(105),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
 
 
elseif L==11 
figure(111),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(112),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(113),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(114),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(115),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
 
else L==12 
figure(121),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
figure(122),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
figure(123),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(124),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
figure(125),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
 
end; 
end; 
Sup Program 
function GTOTAL=g_t(); 
global N; 
Y=3.1415927/180; 
AT=15.5; 
TK=0.61; 
c=3600; 
d=10^6; 
    B(N)=(N-1)*360*Y/365; 
    E(N)=229.2*(0.000075+0.001868*cos(B(N))-0.032077*sin(B(N))-0.014615*cos(2*B(N))-
0.04089*sin(2*B(N))); 
   DELTA(N)=23.45*sin(360*Y*(284+N)/365); 
    DLT(N)=DELTA(N)*Y; 
   OMEG(N)=cos(-tan(AT*Y)*tan(DLT(N))); 
    ANGLHRS(N)=OMEG(N)*1/Y; 
   A(N)=0.409+0.5016*sin((ANGLHRS(N)-60)*Y); 
    B(N)=0.6609-0.4767*sin((ANGLHRS(N)-60)*Y); 
    D(N)=(2/15)*cos(-tan(AT*Y)*tan(DLT(N))); 
    DA(N)=D(N)*1/Y; 
  for I=1:11 
      J=7+I; 
      M(I)=I; 
      SOL(I)=J-1+(4*(32.25-30)+E(N))/60; 
      HR(I)=(SOL(I)-12)*15*Y; 
      
GON(I)=1367*(1+0.033*cos(360*N*Y)/360)*((cos(AT*Y)*cos(DLT(N))*cos(HR(I)))+(sin(A
T*Y)*sin(DLT(N)))); 
      GTOTAL(I)=TK*GON(I)*(A(N)+(B(N)*cos(HR(I)))); 
      Kt(I)=GTOTAL(I)/GON(I); 
      GD(I)=GTOTAL(I)*(0.9511-0.1604*Kt(I)+4.388*Kt(I)^2-
16.638*Kt(I)^3+12.336*Kt(I)^4); 
      GCB(I)=GTOTAL(I)-GD(I); 
     h(I)=GD(I);  
  end 
   
function SS=Tww()  
global ee; 
GTOTAL=g_t(); 
for I=1:11    
SS(I)=GTOTAL(I)./(10*sqrt(1.602)); 
end 
SS(1)=ee; 
end 
 
 
 
 
 
 
 
 
 
 
Appendix (C)  
Values of the constant A,B and C used for predicting hourly solar radiation on clear 
days.[Tata McGraw-Hill 2001]. 
Month A(w/m2) B C 
January 1202 0.141 0.103 
February 1187 0.142 0.104 
March 1164 0.149 0.109 
April 1130 0.164 0.120 
May 1106 0.177 0.130 
June 1092 0.185 0.137 
July 1093 0.186 0.138 
August 1107 0.182 0.134 
September 1136 0.165 0.121 
October 1136 0.152 0.111 
November 1190 0.144 0.106 
December 1204 0.141 0.103 
 
 
